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2 C. 8. FADLEY

I. INTRODUCTION

X-ray photoclectron spectroscopy has by now become a widely-used
technigue for studying the properties of atoms, molecules, solids, and surfaces,
The extent of development belween the first cexperiments of this type by

Robinson and Rawlinson in 1914! and the present state of the art is indeed -

great, with most of this growth occurring within the last 10-20 ‘years under
the stimutution of pioncering studies begun in the carly 1950s,%. 3 particularly
those carricd out at Uppsala University.? From the first observations that
core photaelectron peak intensities could be used for quantitative analysis
by Steinhardt and co-workerst and that core electron binding energics
exhibited chemically-induced shifs by Sicgbahn and co-workers,? the number
of distinct physical and chemical cffects 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 difTerent aspects of an x-ray photoelectron spectrum. To be sure, a
greater understanding of the theoretical models underlying these phenomena
has not always led (o resulis 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 photoclectron spectroscopy
(which is commonly referred to by one of the two acronyms XPSor £ESCA=
electron spectroscopy for chemical analysis} is thus by now quite jarge, and
includes several prior reviews® 4-19 gnd conference proceedings,it. I3 g4
well as other chapiers in this series on specific problems or areas of appli-
cation.!3. ¥ Thus, no comprehensive review of the litcrature will be atlempled
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 éxist in the literature, a somewhat more detailed treatment
will be made. The instrumentation and experimental data discussed will be
primarily restricted (o that involving exciling radiation produced in a
standard type of x-ray tube, thus providing an operational definition of XPS.
Thus, photon energics of 2 100 eV wili be considered, with principal emphasis
on the most common [-2-1-5 keV range. The more recently initiated photo-
emission studies ulilizing synchrotron radiation!s will thus not be included,
The theorctical models discussed may, on the other hand, often apply directly
to photoelectron emission experiments performed at lower photon cnergies
as, ‘for example, in conventional ultraviolet photoelectron speclroscopy
{UPS) for which hv is typically in the 540 ¢V range or in synchrotron studijes.
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 poinls,_ com-
parisons between low-energy- and high-energy-photocmission cxperiments
will be made. _ .

The fundamental experiment in photoelectron spectroscopy lnvolv?s
exposing the specimen to be studied to a flux of nearly monoencrgetic
radiation with mean cncrgy A, and then obscrving the resultant emission of
photoelectrons, whose kinctic energies will be described most simply by the
photoelectric equation:

hv=Ey¥(k}+ Exsn m
in which EyY(k) is the binding energy or jonization potential of the kth level

as referred Lo the vacuum level and Exya is the photoclectron kingliu‘."éﬁcrgyﬁﬁ i
{A more exact definition of binding encrgy, including adiscussion 6freference :

levels, is presented in Section 11.B.3.) In general, both Atger ¢} ] W

secondary clectrons (usually resulting from inelastic scattering processes) \?l"
also be emitted from the specimen, but it is generally possible to distinguish
these elections from true photoelectrons by methods to be discussed fater in
this section. There are three fundamental properties characterizing cach
emitted photoclectron: its kinctic energy, its direction of emission with

- respect o the specimen and the exciting radiation, and, for certain rather

specialized experimental situations, the orientation of its apin. These llrrce
properties thus give rise to three basic types of measurements that ace possible
on the emitted electron flux.

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

(2) The distribution of photoelectron intensit y with angle of emission. Such
angular-resolved measurements can be made relative to the photon propaga-
tion direction or to axes fixed with respect 1o the specimen, Gienerally, these
mcasurements require kinetic cnergy distribution determinations at each of
several angles of emission,

(3) The spin polarization or spin distribution of the photoelectron i’nm::.viry.
These measurcments require a specimen that has somchow been magnetically
polarized, usually by an external ficld, so that more photaclectrons may he
emitted with onc of the two possible spin orientations than with the other.
Then the relative numbers of spin-up and spin-down photociectrons are
measured.'® Such spin poldrization mcasurcments have so far dnly been

ey -
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made with ultraviolet radiation for excitation, and they will not be discussed
further here,

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

As an illustration of certain typical features observed in fixcd-angle XPS
spectra, Fig. 1 shows data oblained from an aluminum specimen exposed
lo monochromatized x-rays of 1487 ¢V cnergy. In Fig. I(a), a broad-scan
spectrum of 1000 eV width is displayed, -and various prominent photoelectron
peaks arc Jabelled according to their level of origin from Ols o valence.
The oxygen KLL Auger structure is also partinlly visible at the fow-kinetic-
energy end of the spectrum. The oxygen peaks arise (rom oxygen .atoms
present in a surface oxide fayer; the Cls peak is due (0 an oulermost surface
layer of contaminants containing carbon. As is usually the case, the photo-
clectron peaks are considerably narrower and simpler in structure than the
Auger peaks. Each electron peak exhibits to one degree or another an approxi-
mately constant background on its low-kinetic-energy side that is due to
inclastic scatiering; that is, clectrons arising via the primary photoemission
or Auger process that produces the sharp “no-loss” peak have been in-
clastically scatlered in escaping from the specimen so as (o appear in an
“inclaslic tail” or energy-loss spectrum.t® Depending upon the Iypes of
excitation possible within the specimen, the inelastic tails may exhibit pro-
nounced structure also, as is evident in the multiple peaks fermed below the
Al2s and Al2p no-loss features (which are due to the excitation of collective
valence clectron oscillations or plasmons!® in aluminium mectal), as well as
the single broad pcak in the Ols inclastic tail (which is duc 1o one-electron
cxcitations from the occupied to the unoccupicd valence levels of aluminem
oxide). The inclastic tail below Cl is considerably weaker due to the relatively
thin layer of carbon-containing species present (approximately two atomic
layers); thus, for Lhis sample, Cls pholoelectrons could escape with a relatively
low probability of being inelastically scattercd,

In Fig. I{h), an cxpansion 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 excilation of up to four plasmons arc 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 photoclectron intensities are approximately
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Fig. 1. Typlcal XPS spectra obtained ltom an ox'idlzcd aluminh'lm specimen with a
carbonaccous contaminant overlayer. Monochromatized AlKa radiation was used for
excitation. (a) Overall spectrum with all major no-loss fgalurcs labcllcd.'(h) Expanded-scale
spectrum of the Al2s, AlZp, and valence regions. Chemically-shifted oxiile- nn_d metal-core
peaks arc indicated, #s well ns inclastic loss peaks due to bulk plasmon creation.

T
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an order of magnitude lower than those of the mos! inlense core levels in a
given specimen, bul they are nonctheless high cnough to he nc_cura!cly
measercd and studicd by using longer data acquisition times 1o improve
statistics. An additional and chemically very gignificant feature in Fig. [(h)
is the snlitting of the AlZs and Al2n photoelectron peaks into two components,
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one associated with oxide and one associated with metal. This splitting or
chemical shift s 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 encrgics expected (o be
associated with the atom or atoms present, dnd (2) changing the photon
encrgy by some amount A(fiv) and then noting whether the peak shifts in
kinctic energy by A(hv) according to Eq. (I) (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 difTerent no-loss
peaks, as all high-energy electrons will be capable of the same excitations in
inclastic scattering (although perhaps with probabilities that show a weak
dependency on kinetic encrgy), and (2) comparing observed structure with
independently-determined energy-loss spectra for the specimen material.!®

A lurther 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
clectrons may be as small as a few atomic layers, and is never much larger
than approximately 10 atomiec layers.20. 2! Thus, any analysis based on (hese
no-loss peaks is inherently providing information about a very thin layer
ncar 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 surlace sensitivity of XPS (or any form of electron spectroscopy) can
be exploited for studying various aspects of surface physics and chemistry, 23
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 (reated in more detail. In Seclion 11, the instrumemation and
experimental procedurcs required are reviewed. In Section 111, the theoretical
description of the pholoemission process is discusscd in detail so as to provide

an accurate background for the consideration of various specific efects or -

arcas ol application; the use of XPS for the study of valence levels in molecules
and solids is also considered. Section |V discusses chemical shifts of core-
electron binding cnergies and various models used for interpreting them.
Several eflccts primarily related to complexitics in the final state of photo-
emission (namely relaxation phenomena, multiplct splittings, various many-
electron interactions, and vibrational broadenings) are considered in Section
VY. In Section VI, various aspects of angular distribution measurements on
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solids are considered. Finally, Section Vi1 summarizes the present state of the
technique and poinis out certain likely arcas for future development. '

Il. EXPERIMENTAL CONSIDERATIONS

The basic components necessary for performing an XPS experiment
consist of a radintion source for excilation, the specimen (o be studied, an
clectron encrgy analyser, and some form of detection and control aystem.
Each of these four distinct aspects of the experimental aystem is considercd
below. There arc by now several commercial sources for compléidPX P
spectrometer systems?*-99 which represent various design approaches. (i
of these components. ;

A. Radiation Sources

The standard x-ray tube consists of a heated-fitament cathode from which
electrons are accelerated toward a suitable solid anode (usually water-cooled)
over a polential of the order of 5-20 kV. MHoles formed in the inner levels of
the anode atoms by clectron bombardment arc then radiatively filicd by
transitions from highcr-lying levels, with the resultant emission of x-rays,
A thin, x-ray-transmilting window separates the excitation region from the
specimen in most tubes. In general, more than one relfltively sharp x-ﬁay fing
will be emitted by any anode material, and the encrgy' widths associated with
various lines can also vary considerably from line to line or from element to
element.?! An additional source of radiation f; rom such a tube is a continuous
background of bremssirahlung.3! The choice of nn anocle material and operat-
ing conditions is thus made so as 1o achieve the closest possihlc a pproximation
to a single, intense. monochromatic x-ray line. Various design geometries for
such x-rny tubes are discussed in the litcrature, 3 4. 31-38 with one ohvious
choice being whether 1o hold the anode or cathode at ground potential, -

The anode materials most commonly ulilized in XIS studics are M g and
Al, and, 10 a much lesser degree, Na and Si. Each of the members of (his
sequenlial scries of second-row atoms gives rise'to an x-ray spectrum that is
dominated by a very intense, unresolved, Ka;- Kzg doublel resulling from
transitions of the type 2p;—+1s and 2p, 13, respectively. The first demons-
trations (hat such low-Z anodes could be utilized in XPS studies were by
Henke.3 These were followed approximately five years later by higher
resolution applications by Sicgbahn and co-workers.? The mean energies of
the x-rays produced in such sources are: Na Kay, s—1041-0 ¢V, MpKay, 5.~
—1253-6 eV, 37 AlK«, 32— 1486-6 ¢V and SiKay, 2—1739-5eV.22 A( these
x-ray encrgies, aluminium or heryllium windows of 10-30 pm thickness arg
sufliciently transmitting for use in scparating the tube and specimen region,
Additional x-ray lines are also produced in such tubes, as indicated in Fig. 2

o
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for a magnesium anode?? (nole the logarithmic scalc). These consist of
satellites arising from 2p—1s transitions in atoms that are doubly-ionized (KL
in Fig. 2), triply-ionized {KL?), etc., and are denoled variously as Ka', Kag,
Kay, ..., Kaye. Kegand Koy are by far the most intense, and, in Mgand Al, they
occur at aboul 10 eV above the Kay, 3 peak and with inlensities of approxi-
mately 8% and 4% ol Kay, 2, respectively. Pholoelectron spectra oblained
with non-monochromatized sources of this type thus always exhibit a
characteristic double peak at kinetic energics ~ 10 eV above the strong

10% ———————————
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Fig. 2. The K x-ray cmission spectrum of Mg melal as emitied by non-monochromatized
x-ray source. The peaks indicated a, 3, . . ., B correspond to various transitions into the
K = |5 subshcli. The dashed line is an avesage background and the solid line is the net
spectrum, Note the logarithimic intensity scale. The notation K corresponds to a single
initial 15 hole, KL 10 initial holes in both 15 and 2s or 2p, KL? to a single initial hale in 1s
and two initial holes in 25, 2p, cle. (From Krause and Ferrcira, ref. 37.)

Kay, 3 peaks. The Ka’, Kas, ..., Kayq satellites are S17 of Kay, 3 in magni-
tude, and so, for most applications, can be neglected. An addilional band of
KP x-rays ariscs at energies approximately 45-50 ¢V above Kay, 3 and is
the result of valence—ls transitions; the KB intensity is approximately
1% of Kay,y for Mg and AL3 Thus, to a first approximatlion, the x-ray
spectrum consists only of the very intense Koy, 3 X-ray and most work has
been based solely on an analysis of Key, s-produced photoelectron peaks.

However, in any study involving weak photoclectron peaks, or peaks
,,,,,,,,, YLV liob mvaddas with eatallitie_ssnsratad neabke due 10 nther
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electronic levels, the non-monochromatic character of the x-ray source musl
be taken inlo account. For such non-monochromatized x-ray sources, the
primary limiler of instrumental resolution is thus the natural linewidth of the
Kay, g linc. As judged by the full width at hall maximum intensity (FWHM),
this resolution limit is approximately 0-4 eV for NaKay, 2,3 0-7¢V for
MgKay, 2,3 08¢V for AlKay 2, and 1:0-1-2eV for SiKeay, 2.3° This
width dccrcases with decreasing atomic number for two rcasons: the
2p-2p; spin-orbit splitting decreases and the Is hole lilclime increascs.
Materials of lower atomic number are thus favourcd far width, but Mg and
Al arc generally utilized because of their lower chemical reactivity and vapor
pressure in comparison to Na, and thus their casier fabrication and use as
anodes. Although ncon is expected (o yield a Kay, z linc at R48-6 eV of
only ~0-2-0-3 eV width, no altempls at construcling such a source for usc in
XPS have as yet been successful, The use of Kay, 2 lines from elements helow
neon in atomic number is generally not possiblc because the valence 2p levels
involved are broadencd by bonding effects, introducing a corresponding
broadening in the x-ray line. However, the Kay, 2 x-rays of ¥ in highly ionic
compounds have becn used recently in XPS.40

The monochromatization of such Keaj, sz x-rays by Bragg reflection
from a suilable single crystal has also been utilized Lo achieve narrower
excitation sources, as well as to eliminate satellite lincs and bremsstrahlung
radiation.3: 37, 35. 41. 43 Although the intensity loss in such reflections is
considerable, photoclectron peaks as narrow as 0-4 ¢V have been observed
with monochromatized AlK« cxcitation ;2% 4. 42 this width is to be com-
pared to the 20-9¢V typically found without monochromaltization, To
compensate for the loss in intensity due to monochromatizalion, various
procedurcs have been ulilized, including the use of very high-intensily
x-ray tubes involving rotating anodes,*' monochromator systems wilh
more than onc crystal,3%: 4t multichannel dctection systems,?s: 41 and
dispersion-compensating x-ray- and electron-optics.3: 25 In dispersion com-
pensation, all photon energies within the Kai, 2 flincwidth are spatially
dispersed by Bragg reflection and utilized for photoclectron excitation, bul
their linc-broadening influence is nullified by the action of the dispersive
electron energy analyzer: the commercial Hewlett-Packard system based

- upon this mode of operation yields optimum photoclectron peak widths with

AlKay, g of ~0-5¢V FWHM.28

An additional type of ultra-sofll x-ray transition that has been wtilized
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,™ whe pointed out that they yield sufficiently intense and mono-
chromatic sources in the very interesting encrgy range of 0<hrS200eV,
even though various satellite x-rays arc present, The most narrow and thus
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most used lines of this type are those for Y (hv=132-3 eV, FWHM =0-5 eV)
and Zr (hv=1(51-4 sV, FWHM =0-8 eV), and they have been successfully
applied to studies of both valence levels and outer core levels.34-38 The ultra-
sofl 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 nlicrations of the anode surface, lead to several special .

fealures of tube design. Thin polymeric windows must be used, Relatively
high excitation voltages as compared to hv of ~4-§ kV are also beneficial to
maximize the intensity originating in the metailic 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 aperalion, 34, 9

A final rather new devefopment in x-ray sources by Hovland*3 that deserves
mention here feads 1o 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-
clectrons from » corresponding spot near the speciinen surface. Lateral
spatial resotulions of as low as 20 um have o far been achieved, and a
number of potential applications for such scanning XPS measurements
exist." The only significant limitation is that it must be possible to prepare
sufficiently thin specimens (~ 1000-10,000 A) that X-ray atlenuation in
penctrating to the surface is not appreciable,

The x-ray sources discussed up to this point thus permit high-resolution
measurements to be carried out in the two approximate photon-encrgy ranges
100-200 ¢V 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 10 2000 eV of principal interest here is the 'so-called
synchrotron radiation that is emitted in copious quantitics by centripetally-
accelerated electrons moving with highly relativistic velocities. '8, 44 This
continuvous spectrum of radiation is sufficiently intense to permit selection
of a narrow range on the order of tenths of eV or Jower with a suilable
monachromaltor (usually a grating) while stiil maintaining fluxes adequate
for photoemission studies. A number of excellent photoemission studics have
by now been performed using such radiation, !5 although these have so far
been restricted 1o photon energies between approximately 10 and 350 eV,
principally because of the difficulty of achieving adequate monochromatiza-
tion without severe intensity loss for sofl x-rays of 2350 eV, Such radiation
has the advantages of being hoth conlinuously variable in energy, as well as
lincarly polarized 1o a high degree;# thus, the exploration of phenomena
dependent upon photon energy andfor polarization are much more casily

X-RAY PHOTOELECTRON SPECTROSCOMY Il

studicd than with more standagd ultraviolet or soN x-ray sources. By contrast
the soft x-ray tubes discussed previously emit radintion that s randomly
polarized to a very good approximation,

B. Specimen Preparation

1. Introduction, X-ray photoelectron spectra have been obtaincd from
specimens present as 8ases, solids, or liquids. The preparation and handling
of any specimen requires considering two important factors: (1) In order
to avoid excessive inelastic scattering during photoclectron 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 (otal
number of atoms/molecules encountered along this path be no greater than
the analogous number encountered along the mcan no-loss distance of
emission from a typical solid specimen of ~20 A, (2) As the cmission of
photoelectrons, Auger electrons, and secondary clectrons from any specimen
constitutes a net loss of negative charge, it is also necessary (o minimize or in
some other way correct for the possible occurrence of significant positive
polential build-up in the emitting region. One way in which (his is accom-
plished lo some degree in any system is by the flux of similar electrons emniticd
toward the specimen by various portions of (he specimen chamber and holder

limiting situation in which no charging occurs. Thus, if r s the spatial
coordinate of the emission point within the specimen, and En¥k) and Byt
are the binding energy and kinetic energy expected for emission from level
k in the absence of charging, the photoclectric cquation [Eq. (1)] can he
rewritten as
hrv = By V(k, l')+£gm(l‘)
=EuV(k)* + Evan(r) + V(r) (2)

Thus, if V(r) is significant with respect to the typical instrumental resolution
of ~0:1eV (which it indced can be in certain cases® ), the measured
binding energies EnYk, 1) will in gencra) be different from En¥(k M. and peak
broadening also may occur. To minimize or correct for such effects, studies
of peak position versus x-ray flux can be made % 18 qpd o variable cxlcrnal
source of electrons can he provided.2s For gascous specimens, the pressure
can also be varied.! For solids, it is also customary to conncet the specimen
clectrically to the specimen chamber as well as possible. Also, the presence

3
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of a certain refcrence atom (for example, gold or carbon) on the surface of
Lhe specimen can be used to correct for charging,*? although this proccdure
is often nol completcly unambiguous. A methad recently devcloped by
Grunthaner®® involves foating a solid specimen at a variable negalive
potential and noting that potential al which an external source of mono-
energelic clectrons just begins to reach the surface; although not widely used
as yel, this method seems to provide a very direct way of measuring surfacc
potential distributions and thus correcling for them.

2. Gaseous Specimens, The basic requirement for gas-phase studics is a
chamber to contain the gas with an x-ray-transparcnl window separating it
from the x-ray source and a small opening or slit to permit photoelectron
cxil into the energy analyzer.d. 33. 47, 49-51 Typical gas pressures required
in the chamber are from 10-3to ! torr, and therefore some form of differential
pumping is generally nccessary between the exit slit and the analyzer in order
to minimize gas-phase inelastic scaltering 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 therealter
by the more extended investigations of Sieghahn ef a/A The gas in the chamber
can be provided by a room-temperature gas-phase source, or can be the result
of heating liquid-4 or solid- phase reservoirs. With such devices, metals and
other vaparizable solids can be studied by photoelectran spectroscopy in the
gas phasc.™ 30 In certain studies, rather significant changes in peak positions
and relative intensitics due to the combined effects of charging and kinetic
energy-dependent inelastic scattering have been noted,? but, in gencral, these
are relatively small, especially at lower pressures.

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

3. Solid Specimens. There are various methods of preparing solid specimens
svitable for study by XPS. Typical specimen arcas are ~ | em? or smaller,
and, because inelastic scattering effects limit the no-loss emission lo a mcan
depth of only 10-80 A below the surface (as discussed in morc detail in
Scction IILE), this corresponds lo an aclive specimen volume of only
approximately 10~ cm?. Thus, total masses of only 1-1Cpug arc involved,
and amounts of material on the order of 10-% g can be detecled under certain
circumstances. Any change of the chemical composition in the first few atomic
layers near the surface can thus aiso have a significant influence on results.

Machineable solids can simply be cul, cleaved, and/or polished into shapes
suitable for mounting in the specimen position. For malcrials that can be
prepared as fine powders al room temperature, specimens can also be prepared
by pressing the powder into a uniform pellet (perhaps supporled by an
imbedded conducting-wire mesh) or by dusting the powder onlo an adhesive
.. v abt cemnided R dauhle_eided (ane (althoush this procedure
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has the rather undesirable characteristics of limiting temperature cxcursions
and providing a steady source of surface-contaminating carbonaccous
volatiles). In order to minimize atmospheric contamination or allcration of
specimens, final preparation in an incrt-atmospherc glove box or bag,
perhaps attached to the specimen chamber, can hc useful. Elements and
certain compounds can also be heated in situ and vapor-deposited on a
supporling substrate ta form specimens. Alternatively, dissolved malcrials
can he deposited from solution on a substrate, cither by evaporating ofT the
solvent or by selectively clectroplating out various components.’2 Malcrials
that normally exist as liquids or gases can also be condensed onto suitably
cooled substrates for study in the solid statc.* A broad range of specimen
tempcralures has by now been investigated, ranging (rom ncar that of liquid
helium (4 K)5 to several thousand degrees Kelvin 54

The extreme surface sensitivity of XPS also lcads in many applications to
the requircment that the specimen region be held at pressures of 5 10-?torr
in order to permit adequate control of surface composition. For example, for
0, at 10-9 torr and 25 °C, the gas-phasc collision ratc with a surface will be
such that, if each molecule striking the surface remains there (corresponding
to a sticking cocflicient of 1:0), a full atomic layer will be deposited in
approximaltely 50 min.5 This minimum monolayer coverage lime varics
inversely with pressure, so that pressurcs of the order of 101" torr are ncces-
sary lo insure the maintcnance of a highly reactive surlace in a clean state
over the period of time of several hours usually requircd for a series of XPS
measurements, §n preparing such surfaces, int sifu cleaning by vapor deposition,
cleaving, scraping, or inert-gas ion bombardment is thus often used.®

For the case of solid specimens, an electrical connection is made to”the
speclromeler 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 cnergy levels and
kinetic energies which result are as shown in Fig. 3. Thermodynamic cqui-
librium between specimen and spectrometer requires that their electron
chemical polentials or Fermi levels be cqual as shown. In a metal at absolute
zero, the Fermi level Ey has the interpretation of being the highest occupicd
level, as indicated in the figure; this interpretation of Ep is also very nearly
true for metals at normal experimental temperatures. TFor semiconductors
and insulators, however, it is not so simple to locate the Fermi level, which
lics somewhere between the filled valence. bands and the cmpty conduction
bands. The work function ¢, for a solid is defined to be the encrgy separalion
between the vacuum level and the Fermi level, When connecied as shown in
Fig. 3, the respective vacuum levels for specimen and spectromeier need not
be equal, however, sa that in passing from the surface of the specimen into the
spectrometer, an clectron will fecl an acceleraling or retarding polential
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Fig. 3. Energy Icvel diagram for a metaliic specimen in electrical equlibrium with an
electron spectrometer. The closely spaced levels near the Fermi level Ep represent the filled

portions of the valence bands in specimen and spectrometer. The deeper levels are core

levels. An nnalogous dingram also applies to semi-conducting or Insulating specimens, .

with the only difTerence heing that Er lics somewhere between the filled valence bands and
the empty conduction bands above,

equal 10 fa~ Pupect. Where ¢ is the specimen work function” and Papect is

the speciromeler work function. Thus, an initial kinetic energy Eyn’ at the

surface of the specimen becomes Eygn inside the spectrometer, and
Ek!n=Ekln'+9‘sf¢speel (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 levcls of specimen and
spectrometer. The perlinent equation is

’W=Ehr(k)+£‘kln+¢upccl (4)

where the superscript F indicates a Fermi level referénce. Provided that it is
also possible to determine the specimen work function ¢» from some other
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measurement, vacuum-refercnced binding encrgics can then be obtained from
EnV(k) o En¥(k)+ da (5

In fact, photoelectron spectra can be used to derive vacuum-referenced
binding energics by measuring the position of the zero-kinclic-cnergy cut-ofl
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.% This procedure for
determining work functions has been used extensively in UPS studics,5?
but only in a more lmited way in XPS%. 58 due (o the greater range of
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Fig. 4. Full XPS spectrel scan for a polycrystalfine Au specimen, showing both the cut.
off of the secondary electron peak at zero kinetic encrgy snd the high-cnergy cut-off for
emission from levels ol the metal Fermi level. The measurable distance AFE thus cyuitls
Ay, provided that suitable specimen blasing has been utilized. For this case, /v was
1253-6 ¢V and ¢, was 5-1 cV. (From Bacr, ref. 56.)

energies involved. In the simplest situation, both specimen and spectrometer
are metallic and the encrgy diagram of Fig. 3 applies. All elcctrons emit(ed
from the specimen are thus accelerated or decelerated by the same work
function difference or contact polential ds—dapece befose analysis. With no
voltage bins between specimen and spectromcter, the zero-energy cut-off
corresponds 1o efectrons propagating in final states exactly at the spectrometer
vacuum level. For the implicit decclerating sign of gy —dapeet shown in Fig. 3,
electrons propagating in final states at the specimen vacuum level are thus not
observed. However, il the specimen is biased nepatively with respect Lo the
spectromcter by an amount greater than $n—fapeet, then the low-energy
cut-off does represent electrons at the specimen vacuum level or what can he
defined as the true zero of kinetic energy. For the opposite accelerating sign of

g
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e — Pepect, he true zero is observable and negative biasing is necessary only to
insurc that the cut-ofl is easily distinguishable against other sources of low-
cnergy clectrons.3®: 5% The low-energy cut-off thus establishes the zero of
kinctic energy, and a distance kv above this on the measured spectral scale
corresponds to the point at which excitation from states al the specimen
vacuum level would occur, On the same scale, the high-kinetic-cné'rg.y cul-off
observable for metal specimens (also shown in Fig. 4) is caused by excilation
from occupied states at the Fermi level, and the differcnce between these two
posilions is thus the specimen work function. That is, il the measured
dillerence in kinetic energy between the two cut-offs is denoted by AE, then

de=hv—AE {6)

In more complex situations where semiconducting or insulating specimens ar¢
involved, initial states at Ep are not occupied so as to yield the same type of
high-cncrgy cut-off, although the low-cnergy cul-off can still be determined.
The location of Ep in specira 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 cllects make the latter assumplion
uncerlain in many cases, however, '

Whether it is dctermined from photoemission measurements or nol, in
gencral some additional infarmation concerning ¢ is necessary to delermine
ExV(k) for a solid specimen. Inasmuch as ¢, is also very sensitive Lo changes in
surface composition, it is thus often Eq. (4) that is used in analyzing data for
melals and other solid specimens. From this discussion, it is clear that
Fermi-referenced binding energics are operationally very convenient for
solid specimens, although they may not always be the most directly com-
parable 1o the results of theoretical calculations, in which the vacuum lcvel
often emerges as the natural reference.

4, Liquid Specimens, The requirement that pressures in the analyzer region
be maintained at reasonably low levels of 510-4 torr means that measure-
ments on common liquids with relatively high vapor pressures can be per-
formed only with difficulty. However, Siegbahn and co-workerst!. 8 have
develaped 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 carricd on a translaling wire, together with a high-speed difTerential
pumping syslem between specimen chamber and analyzer. With such an
apparalus, it has been possible to study relatively non-volatile liquids such as
formamide (HOCNH;z), 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
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C. Electron Encrgy Analysis

1. Brief Overview. The various specific types of cnergy analyzers utilized
in elcctron spectroscopy are discussed in detail in the literature, 0. #1. 62
as well as in a special chapler in this series.®3 Thus, only cerlain salicnl
features relevant to x-ray pholaelectron studies wifl be revicwed herc. In
general, there are several criteria that an analyzer should salisfy: (1} A
resolution capability of AExin/Fxinz0-0t 7. This corresponds to 0-1 eV for
1000 eV clectrons. Most XPS spectromelers presently operate in the 0-01-
0-10% range. (2) The highest possible efficiency {scnsitivily, intensily). That
is, the highest possible fraction of clectrons leaving the sample should he
energy-analyzed and detected at the same time. (3) Unrestricted physical
access to the sample and detector regions. This permits a wide variely of
excitation sources, specimen geometries, and delector systems to be used.

Energy
analyzer

Hulllchannel
detector

}

Relardation
seclion

L

) !"‘“*--A-B.E Kin
i .
A sample

Flg. 5. Schematic illustratfon of an XPS spectromeicr system indicating the primary
componcnts of radiation source, sample, cleciron encrgy analyser, and detector. Far the
specific cxample shown here, the encrgy analysis is accomplished by a pre-retardation scetion
followed by a hemispherical electrostatic anafyzer, A multichanncl detector is also shown

for gencralily,

(4) Ultra-high-vacuum capability for work on solid samples il surface
composition is to be preciscly controlled. (5) Ease of construction, Onedesign
philosophy often used for increasing the ease of construction is to inserl a
relardation section before the analyzer as shown schematically in Fig. 5,
so that the energy of a given efectron can be reduced from its initial value of
Euin to the final value at which it is analyzed of En, For a given absofute
recnlntian of AFuin. the refative resolution required from the analyzer is thus
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reduced from A Evin/Exin to AEyn/Eo, thereby permilting looser tolerances on
many mechanical and electrical components. The net effects of such retarda-
lions on intensity may or may not be deleterious, however, and are discussed
in more detail in the next section. (6) Relative insensitivily to external environ-
ment, particularly as regards the shielding of extrancous ‘magnelic fields.
The vast majority of specirometers currently in use are based on interaction
with electrostatic fields and for these, p-melal shiclding is generally used to
exclude extraneous magnetic fields. Only for the relatively few’ magnctic
spectrometers in use are Helmholiz-coit systems required for magnetic field
cancellation.? 4 Quantitative estimales 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 acls 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 detecled.

With these constraints, there are several possible analyzer configura-
tions,*!- €2 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. 1. #5 the cylindrical mirror
clectrostatic (CMA),S1: 06-88 and the double-focussing magnetic with a
i{+/r field form,3. 81, 99 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 shiclding, the two electrostatic
analyzers arc much more common than the double-focussing magnetic,
although a number of important early studies were performed on such
instruments,3. 33 and g fully-optimized spectrometer based upon the }+/r
ficld form is presently under construction.™. 70 1n addition to these dispersive
analyzers, limited use has also been made in XPS of non-dispersive analyzers
based upon the retarding grid principle.”~7 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 spectra. Such low-resolution Auger and XPS
spectra can, in fact, be gencrated by using the spherical grids of a low-encrgy
electron diffraction (LEED) system as a relarding grid analyzer, A further
type of commercial analyzer developed specifically for XPS studies by the
DuPont Corporation®! is a hybrid with both dispersive and non-dispersive
characteristics. Tts first stape consists of an electrostatic deflection section
thal selects a hand of energies in a dispersive mode; lwo subscquent retarding
grid sections act as low-pass and high-pass filters with the net result that only
a narrow band of energies is detccted after the high-pass filter. A final type
of XPS spectrometer with certain unique features is that formerly produced by

X-RAY PHOTOELECTRON SPECTROSCOPY . 19

the Hewlett Packard Company, 8 which makes uscof dispersion-compensating
x-ray- and elcclron-optics.® ™ In this syslem, an x-ray monochromator is
matched to a retarding-lenslhcmisphcrical—eleclroslalic-nnnlyr.cr unit in such
& way o8 to maximize intensity and minimize linewidths without the use of
any slits in the x-ray optics; the detailed performance of this spcctrometer has
been analyzed recentiy,™ ' |

2. Spectrometer Efficiency and Retardation, The resolution and efficiency
of any spectrometer are of critical importance. These properties arc highly
dependent upon one another, since for operation at lower resolution (higher
AEwn/Exin), & higher [raction of electrons can usually be cnergy-analyzed

and detected. For operation-at a given resolution, the overall efliciency .£ of
a dispersive analyzer can be written as proportional to the following prodiiisd.«2

ExcBAQ-8Ey,

e
o

in which B is the brightness or intensity of the electron source for the cnergy
analyzer in clectrons per unit arca and per unit solid angle, A4 is the area of the
source, {1 is the solid angle over which electrons from the source are accepted
into the energy analyzer and detecled, and 8Ewn is the range of clectron
energies or spectral width which can be analyzed at one tlime (as, for example,
by a multi-channel detector). B, A, and Q in general depend on Eyn for a
given spectrometer. $Exq will thus be proportional 10 N, the number of
distinct energy channels simultancously detecled, If # and A vary over the
area of the source, then a more correct statement of this efliciency involves an
integration over the surface as '

Ecc(f BQ-dA)- $Eya (7b)

The effective electron source as sesn by the analyzer is often defined by an
aperture in front of the photoemitting sample, and, depending upon the
syslem, B, A, and {1 may refer 1o this aperture or to the true specimen surface,
If a multichannel detector is ulilized, 8Exs may in principle be as litrge as
107, of Exn,25 % whercas the resolution AEx, will he 2000 % of Exp,.
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 heen used on all quantitics aficr a hypothetical retarding
section, Such a retarding section may or may not be present, according Lo 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 & given absolute rcsolution AEyy, Lo gain in overall efliciency in a system
with single-channel detection (for which 8Exn2AExn and N = 1), and this
result has proven useful in several specific specirometer designs.2%, 25. 27, 28, 30

e ™

g W
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Their analysis (which has also been extended to apply to systems with multi-
channel detection by Hagstrom and Fadley5) compares the operation of a
given dispersive analyzer with and without retardation lor a fixed resolution
AFwin. and with a primary electron source of fixed brightness B (cf. Fig. 5).
It also requires that the source arca Ao and solid angle (2 utilized al the
analyzer entrance (and thus perhaps after the retardation scction) be adjusted
to the maximum values consistent with a resolution of AExn in either mode of
operation and thal the primary source (for example, a first enlrance aperturc)
be capable of supplying elcctrons over sufficient area and solid angle lo Gl or
illuminate both Aq and Lq with clectrons. There arc then (wo factors to he
cansidered: (1) The loss of brightness with retardation. This loss of brightness
has becn derived for a few geometrics involving a source and a non-ahsorbing
retardation (or accelcration) section, I @ is defined to be the angle belween
the clectron emission direction and a planar source surlace, these gcometries
include a source emilling with a sin @ intensity distribution into an arbitrary
point-to-point imaging lens system,™ and a source with cither a sin 077
or an isalropic™ intensity distribution emitting into a uniform retarding
ficld perpendicular to its surface. These derivations, which often (but not
always) make usc of the Ahbe sine law?. 7% or its paraxial-ray approxi-
mation the Langrange-Helmholtz relation,® 7% result in a simple brightness

variation of the form:
Eo
Bo=B|— 8
0 (Emn) 8

in which Bg and Eo are the brightness and kinetic energy after retardation.
The cases for which this relationship has been shown to hold thus represent
limits that arc relatively easily achicved experimentaily. Without retardation,
the eflicicncy of a spectrometer conforming to this brightness law and posses-
sing only a singlc channel of detection will be

EccBAQ )]
whereas with retardation it will be
- E'cBeAdc0 (10)
or, frem Eq. (8),
. Ey ,
E'xcB|-— ] Ao (m
Exin

(2} The gain in efficlency associated with the increase of Ao and o relative to
A and Q permitted by the decrease in relative resolution Jrom (AEyin/Exin) t0
(AEwin/Ev). As a specific example, consider the hemispherical electrostalic
analyzer, which is shown in Fig. §. Its resolution is controlled by the radial
mmvimmn width « tha avial fani-nl-nlane) source height h. the radial deteclor
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width d, the radial angle of cmission ar, the axial (out-ol-planc) angle of
emission e, and the optic circle radius Rq, according to 3-8

AEsin =

Exin '—4Rn

h { ) ‘
+0-125 — 3+—(—-+0-61¢r3+smallcrlcrms in e, a7, ete. (12)
Ra 4R.

The system is thus first-order focussing in 1 and e, and sccond-order focussing
in az. Also, sh=A (or Ag with retardation) and egeeoc{l (or L2g with retarda-
tion). Optimizing the sefection of each of the four paramelers s, h, o and ar
by the reasonable procedurc of requiring an approximatcly cqual contribution
from each term (0 AEyin/Exn™ thus means that

AEltllll AElun ' AEkln i
e . he , e . (13)
Fxin Euin Lxin
and a; can conservalively be assumcd to be held constant. Thus, without
retardation, '
A ! AFE i
Aoc( Exin . Qe kin (14)
Exin Eyin
whereas with retardation
AEn\]! AEn\!
Ao , Qo 15
0 ( T ) v ( Eo ) (15)

The ralio of efficicncies with and without retardation is then afler cancel-
lations

E'_Emn 16)
E Lo (e

Thus, a tenfold retardation yields a tenfold Toss in B, but a one hundredfold
increasc in the useable A product, 50 that a net tenfold gain in efficicncy
results. Similar considerations apply to the other dispersive analyzers uscd in
XPS,? provided that an appropriate rctardation scction is utilized, The
application of such an analysis to a spectromeler in which a maximum degree
of multichannel detection is incorporated is, by contrast, found to yicll an
approximately constant overall efficiency with retardation,®

D. Detection and Control

With very lew exceptions, the delectors presently used in x-ray photo-
electron spectroscopy arc based on continuous-dynode clectron mutiplicrs
of the “channeltron” lype.s? 78 7 These consisl of finc-bore lead-doped
glass tubes treated by hydrogen reduction at high temperature (o leave the
surface coafed with a semiconducting malcrial possessing a bigh sccondary-
clectron emissive powcr. Tube inncr diamelers vary from | mm down
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to 10 um. A high voltage of a few kV is applied between the ends of such a
tube, and multiplications of 10%-108 are achieved by repeated wall collisions
as clectrons travel down the inside of the tube, These multipliers are available
in various configurations, often involving tube curvature to minimize jon-
induced afler-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
atlempted. s

The efliciency gains concomitant with multichannel detection have led to
the use of such a system in one commercial spectromeler,® in which the
multiplicd electron pulses from a channel plate are accelerated into a
phosphorescent screen, behind which (and external 1o 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 used®! 1o a limited degree,
and solid-state image sensors of a différent type appear to offer good possi-
bilitics for future applications of this nature.52

As the appropriate voltages or currehts in the analyzer are swept so as to
generate electron counts at different kinetic energies, there are various ways
of storing and oulputting 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 o make repeated scans over a given spectral region to
average oul instrument drifls and certain types of noise; this results in the
closest possible approximation 1o 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.? The use of a more or
less dedicated compuler has additional advantages in that jt can be used to

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
kinctic encrgy and these tails may in turn exhibil structure (see, for example,
Fig. 1). As a rough approximalion that is usefu) for many solid materials, a
major portion of the inclastic 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 scaltering by using a close-lying core
level to derive the form of the inelastic tail,3, 82 g4 well as by the more
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approximate procedure of assuming an asymplotically-consiant tail at fow
kinetic cnergy whose value at any energy is proportional to the integrated
no-loss peak intensity at higher kinetic cnergies.® (2) All peaks ride on a
background of sccondary electrons from higher-kinetic-cnergy peaks. This
background also can often be approximated as linear or constant, (1) The
basic penk shapes observed in XPS are a convolution of scveral variable
factors: the exciling x-ray lineshape, contributions from weaker x-rays such
as sateflites in non-monochromatized tources, the analyzer lineshape, possible
Ron-uniform specimen charging, a Lorentzian hole-state Jifetime contribution,
Doppler broadening in gases,4 and various final-state effccts involving many.
electron excitations™ and vibrational cxcitations*! # (us discussed I urther
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-squarcs program for carrying oul 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, 23
The effects of satellite X-rays can also automatically be included in the basic
peak shape chosen, and a variable lincar background is also present. Examples
of spectral analyses for atomic 4d core levels using this program are shown in
Fig. 6.% Lorentzian shapes have been used for Xe and Yb, and Gaussians
for Eu, and the overall fits to these spectra are very gaod,

Beyond spectral analyses involving fits of cerlain functional forms to the
data, Wertheim#?. 88 and Grunthaners?® have also developed techniques for
deconvoluting XPS spectra so as to mathematically remove instrumental
linewidth contributions. The form of the instrumenta) 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 £y,
The term *deconvolution® s also often incorrectly used to deseribe the results
of peak-fitting procedures, -

IH. THE PHOTOEMISSION PROCESS
In this section, various aspects ol the basic photocmission process arc
discussed: in detail, with the primary aim of providing a unified theoretical
framework for the subsequent discussion of various cxperimental observa-
tions, In discussing photoelectric cross-sections for atoms, molecules, and
solids, applications to the intcrpretation of experimental resulis are also
preseated here,

A. Wave Functions, Total Energies, and Binding Energies
In any pholotlectron emission experiment, the basic excitalion process

LR
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Flg. 6. 4d core photoclectron specira from gaseous Xe, Fu, and Yh produced by excitation
wilh non-monechromatized MgKa x-rays (cf. Fig, 2). The spectra have been resolved into
components by least-squares fits of peak shapes including the va, asatellitesand an asymploti-
g.tlly{nml'ml inclastic tail. l_urcnlrmn ﬁlmpca wcre uml for Xc and Yb, Gaussian for Lu,
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involves absorption of a photon of enerpy v according to

Initial stalc Final state

‘l"lol‘(N) El,oli(N) --—-—-* flot'r(No K)! ElOtI(Nl K) ‘ (|7)

Here Yio/(N) is the initial-state N-electron wave function corresponding Lo
a total energy Ewa!(N), and 1o f(N, K} is the Kth final-siate N-clectron wave
function (including the photoclectron) cerresponding o a tolal energy of
Ewa/(N, K). The relevant cnergy conservation equation is

Ewt(N)+hv=En/(N, K) (18)

In the simplest situation, the index K thus labels the one-clectron orbital &
from which emission occurs {as discussed below), but in general it should
describe all modes of excitation possible within the final state, including
electronic, vibrational, and translational. In all forms of highcr-encrgy
photoclectron spectroscopy, it is customary to assume that the photoclectron
is sufliciently weakly coupled to the (N — [}-electron ion lef behind so as to
permil scparating the final state of the excitation process to yield
InHiad state
luli(N)u Etutt(N) —"

Final state lon Photoelcctron

Viol(N—1, K), E/(N—1, K}+ (1), Exin (19)

in which Wio/(N— 1, K} and Eoif(N—1, K} refer to the Kth (N — [)-elcctron
ionic state that can be formed, Eun is the kinetic energy of the Kth photo-
clectron peak, ¢/(!) is the spatial part of a one-elcctron orbital describing the
photoclectron and x/(1} is the spin part of the photoclectron orbital (xy =a or
£). The Torm of ¢/(1) thus depends on kinetic energy. (For simplicity here,
any change in kinetic energy due to work function diflerences belween
specimen and analyzer is neglected.} Yio/(N — 1, X) and #/(1) can, if desired,
be combined in a suilable sum of products to yicld the correct overall anti-
symmetry with respect to electronic coordinates necessary in the final state.
This can be written with an antisymmetrizing operator A as:%. 81

Taf(N, K)=A@$(Dx/(1), Vit (¥ -1, K)) (20)

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

Eot'(N)+lv= Epi/ (N~ 1, K)+ Eyin 3}

The binding cnergy corresponding to Icavit;g the ion in a state describablc by
Vi/(N=1, K) is thus given by

EnY(K)= Eio/(N— 1, K)= Eia(N) (22)

In which the vacuum-level reference is imnlicit.
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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 r, uncertainty principle arguments
thus lead 10 a broadening that is Lorentzian in shape, with 8 FWHM in eV
given by ~/Afr=6-58x10-18 /+(s),. The initial state lifetime is usually

very long, and so contributes negligible broadening. However, final-state .
lifctimes are estimated to be as short.as 10-1# s in certain cases, so that such

eflects can play a major role in limiting XPS resolution, particularly for inner
subshel! excitation. _

In general, for a system containing N eleclrons with spatial coordinates
r,r2, ...,y and spin coordinates oy, og, ..., on and P nuclei with spatial
coordinates Ry, Ry, ..., Ry, any of the total wave functions considered will
depend upon all of these coordinates

‘Flol(lv)'=q'lol(fl. o1, T, 08 ..., TN, ON; Rh Rln seay RP) (23)

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

he XN N P Zie? N N
P -2 5 g Zie* | [
2m rz:l Z: 1 .'El il fgl I§' ryy

Eleciron Electron- Electron-

" kinetic nuclear electron

altraction repulsion

rPr .02 g P 2
+ E Z!Zme _{l_ E.. (24)

=t m>) Tim 2 M
Nuclear- Nuclear
nuclear kineth:

repulsion
Here, m is the electronic mass, Z: is the charge of the lth nucleus, ry = In— R |.
ry=|ti—n|, im=|Ri=Rm| and M, is the mass of the /th nucleus. To this
must be added relativistic effects, usually via a perturbation approach ;¥2-%4
the additional term in the Hamiltonian most oflen considered is spin-orbit
splitting, which (or alomic orbitals has the form:93. #3. 98

A= i frols (25)
(=1 .

in which £(r() is an appropriate function of the radial coordinate r,?% [ is
the one-clectron operator for orbital angular momentum, and §; is the one-
electron operater for spin angular momentum, The total wave function then
must satisly a lime-independent Schroedinger equation of the form

AP ioi(N) = Eqi( M) il N)
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For such an overall Hamiltonian, the Born-Oppenhcimer approximation®
permits separating the total wave function into a product of an clectronic part
¥ and a nuclear part Y yye as

‘Plot(fh CLETY Rp)”‘l'(rlg ﬂl'r" o2 5 IN, GN)‘I’!IIIQ(Rlu R’! LR Rp) (26)

{n this approximalion, the electronic wave function ¥(N) depends only
parametrically on Ry, Ry, ..., R, via the nuclear-nuclear Coufombic repulsion
polential, and is the solution to a Schroedinger equation in which the
Hamiltonian is that of Eq. (24) with the nuclear kinetic energy term subtracted
ofl:

mnere A\ A
(ﬁ.,ﬁi Y E}“) YIN)=A(N(N)= E(NYY(N) (21
Im t

(Mot here can include spin—orbit effects via Eq. (25) il desired). The total
encrgy of the system can then be written as the sum of the electronic chergy
E and the nuclear energy Enye, as

EM—E+ Ennc (28)

with Enge arising from various forms of inlernal 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

Ewt=E+ Eyip+ Erot+ Eveapn + ... (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 clectronic cnergy, E, versus
internuclear separation,

Evip = fivgpn(v+ 1) (30)

in which vy is the classical vibration frequency and p=0, 1,2, ..., is (he
vibrational quantum number. Such vibrational excitations in the final siate
ion give risc 10 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 (sce Section V.E). Rotationa! excitalions arc
sufliciently low in energy as to be so far unresolvable in XPS studics of
molecules,

Translational motion of the center of mass of an atom or malecule can

_influence cnergics in two ways: (1) The conservation of lincar mamentum in

the excilation process requires that

Par+0=pl4p, | ' G1)
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where pav is the photon mosmentum and has a magnitude of hvfe, the
momentum associaled with Ef is taken for simplicily to be zero, p/ is the
photoclectron momentum, and pr is the recoil momentum of the atom or
molecule, treated as a center-ol-mass translation. If v is the magnitude of the
photoelectron velocity, for Exin=500 ¢V, vfc=0-044 and for Ewia= 1500 ¢V,
vfe=0-076. Thus, the photoelectrons Lypically encountered in XPS can be
considered to a good approximation to be non-relativistic. In this approxi-
mation, it is a simplc matter to show that |Pg.l zuﬂclp’] for the example of
photaclectrons originating (rom valence electronic levels (for which Enzhv).
Therefore, in general |pa,| <€ |p/| and p/=pr, indicating that the ion secoils
in a direction apposite to that of photoelectron emission. By conserving both
energy and momentumn, it can be shown that For a given hv and Epa, the
recoil energy Er=pe?/2M increases with decreasing atomic or molccular
mass M.3 For excilation of valence shell photoelectrons with Al Ka radiation
(hiv=1487 ¢V}, Siegbahn et al.3 have calculated the following recoil energies
for different atoms: H—09eV, Li—0-1¢V, Na—0:04¢V, K—002¢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 transfational motion of the emitting molcules. For center-
of-mass motion of a molecule of total molecular weight M with a velacily
V, the electron kinclic energy appropriate for use in Eq. (1) is

Eun"=1m|e-V|3 32

Thus, the measured kinetic energy Ewin=4mc? will differ from that of Eq. (32)
by varying amounts, according lo 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 AE4 (in eV) is
given by 8

AEg=0-723x 102 ( (33)

T-EJE.)*
in which Exm 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 ¢V,
AE, is thus $0-10 ¢V for molecules with M 3> 10. In general, such Doppler
broadening is thus not a significant facter in comparison to typical XPS
resolutions of ~0-4-1-0 ¢V, although they can be important in limiting
gas-phase UPS resolution,

In many instances, il is adequate to neglect nuclear motion entircly, and use
Eae (1) and ( 19 with the quantities TN, E(N), WI(N), EAN).WI(N -1, K).
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accurate calculations must in principle be made on both initial state and (inal
state. The averall designations for such N-electran or (N —I)-clectron slates
arc obtained from the various irrcducible representations of the symmetry
group corresponding Lo the mean nuclear positions,® Tor example, in atoms
for which spin-arbit coupling is small, Russell-Saunders or L, S coupling can
be utilized, yiclding states specified by L, S, and perhaps also My, and M,
where L is the quantum number for total orbital angular momentum 1., §'is
the quantum number for total spin angular momentum S, and M, and Mg
relate to the z components of orbilal- and spin-angular momentum. In the
limit of zero spin-orbit splitting, encrgics depend only on L and S, yiclding
different L, S terms or multiplets with degeneracics of (2L + P25 1).
Analogous overall quanlum numnbers apply for molecules, but they are
seldom used in describing total electronic wave functions in solids. Multiplet
splittings such as Lhose discussed in Section V.C are the result of cnergy
differences between such many-electron stales.

B. The Hartree-Fock Method and Koopmans' Theorem

In attempting to determine reasonably accurate approximations to N-
cleciron wave funclions, a commen slarting point is the non-relativistic
Hartree-Fack (I1F) sell-consistent-field (SCIF) method 5. 92 Ag the Hartree-
Fock methad 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 accuratc and less accurate methods of compuling electronic
energy levels, it is outlined here in simplest form. The wave function *l” for an
N-electron system is approximated as a single Slater determinant @ of ¥
arthonormal onec-clectron spin-orbitals. Each one-clectron orbital s
composed of a product of a spatial part M(r) (i=1.2, ..., Nyand a spin part
xi{e) which is cqual to either = (ny= +1), or B (me=—1), for which the
orthonormality relations are

J#e*(1)s(r) dr= (e[ o> =By
[ for o or B8
Jxe*()s(o) da= xe|Xs) =Bm, m,,=
0 fot of or e (34)
¥ can then be writien as a normalized determinant of the form:

Yaubm

gn(l) $xsCD) oo Sroa(Dxna(t) Aa(Dxa(D)
S0 FaDxD) . Sva@xvaa(D) FNxnQ)

i
v ‘ - - . : (35a)
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or in terms of the antisymmetrizer 4 as

= A(Bix1, $axe, ..., SHXN) (35b)

where the integers |, ..., ¥ label the space and spin coordinates r; and o
for each orbital,

The spatial one-electron orbitals are furthermore assumed to have sym-.

metrics belonging to the set of irreducible representations of the symmetry
group of the equilibrium nuclear geometry, and ace in this sense often referred
to as “delocalized™. Thus, for example, in atoms, the orbitnls have the form®s

¢n!m,(r' 9, 9!)= Rnl(r) Ylm,(o. ¢) (36)

in which Rui(r) is the radial part and the angular part is given by the spherical
harmonic ¥im (8, ). In molecules, various symmelry types arise, as, [lor
example, lo 3mg, 2ay, ...,% and the orbilals are ofien approximated as lincar
combinations of atomic orbitals (LCAO's). In solids, the transtational
periodicity of the crystal requires that all such delocalized orbitals be of the
Bluch-function type:0%. 90,99

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

in which k is the electron wave vector with a quasi-continuous distribution of
values and wmr) is a lunction characleristic of each ¢y that has the same
translational periodicity as the lattice. A free clectron moving under the
influence of no forces corresponds to a constant m(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 cnesgy E
are given by ‘
p=Ffk 39)

E=Epin=p%/2m =ik2/2m (40)

In the often-used spin-restricted Hartree-Fock method, each spatial orbital
¢4 is also taken to be multiplied by cither @ and 8 in the Slater determinant
(that is, to have a maximum occupation number of two), Thus only N/2
unique ¢i's are involved in describing a system with an even number of
clectrons in doubly-occupied orbitals,

If the Hamiltonian of Eq. (27) is used together with the variational principle
lo determine the optimum ® for which the total energy E=(®|f|®) is a
minimum, the Hartree-Fock equalions are obtained. These N equations can
be used to determine a self-consistent set of orbitals ¢, as well ns to calculate
the total encrgy E of the statc described by &. In atomic units (1 a.u.=1
Hartree=27-2 ¢V, | Bohr=ao=0-529 A), the Harlree-Fock equations in
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diagonal form are

2z LA
—Vis— F — | d)+]| ¥ [ — 42 dre | du(h)
=1 fu Jnt riz

-

Kinetle  Flectron-nnclear Hectron=cleciron
artrovtion Coulombic
repuizion

N I 4n
—8m,0m, ;Z: [Ih‘(l) - M2)-dra] Sy eede(l), i=1,2,.. N

Elertron sicciron

exchange

. i
where the ¢/'s arc termed cnergy cigenvalues, ene-electron encrgics, or orbilal _
encrgies. The origins of the individual terms are labellcd. The_exchange
interaction is only possible between spin-orbitals with parallel spini: Y
ax or B8), and the Kronecker delta Bm,,. m,, allows for this. It is ¢S
re-cxpress Eq. (41) more simply in terins of the Fock operator'F{1] 8 @

r N
F(Wi(l)E{-iV!’— ) E!"' l [y =3m,, m,,R,]} $i1)= erde(1) (42)

=11 j=

by defining the Coulomb and exchange operators Jy and R; such that

)= [44) ,'; HD(1) dra (43)

\Rnﬁa(l)aw:‘m;%;én(Z)h(l)drz (44)

Thus, the matrix clements of these operators are the two-clectron Coulomb
integrals Ji; and exchange integrals Ky

‘ ]
Jy= ()] S| g 1)) = [[62(1)ds*(2) — $i(1)¢5(2) dr1 d e (45)

Kuy= <) | Ty 813> = [{e*(1)45*(2) ;z-’ #(Dd()drrdrr  (46)

From these definitions, it is clear that Jyy=Jy, Ky= Ky, and Jy= K. Once
the Hartree-Fock equations have been solved to the desired scif-consistency,
the orbitals energies ¢ can be obtained from

N
a=e®+ Y (Jy—3m,,. m, Ky 47N
1=

where « is the expectation value of the one-electron operator for kinetic
energy and cleciron-nuclear altraction

roz '
«O=(3(1)| —4V,2 - rri r—”|9'n(|)) (48)
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By comparison, the lotal energy of the state approximated by @ is given by

N NN ror
E=(rb|l?|dl)= Ya+ Y Y (Jy—da,, m, Kiy}+ D) ZiZn (49)
iml =YY ] tul m>t Tim

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 lo avoid counting these terms twice. This means that measurcd binding
energics (which will be shown shortly to be very closc o the «'s in value)
cannot be directly used to determine total encrgics and hence such quantities
as reaction encrgics,

Mann'®® has compiled very useful tables of accurate Harlree-Fock
calculations for all atoms in the periodic tablc. These include one-electron
encrgies, Slater /¥ and G* integrals for calculating Jiy and Ky, radial
expectation values, and wave-function tabulations. Herman and Skillman®2
and Carlson ef al.’°! have also calculated energies, radial expectation values,
and local one-¢lectron potentials for all atoms, using a Hartree-Fock Slater
approximation with relativistic corrections.

In ulilizing the Hartree-Fock method for computing binding energies, the
most accurale procedure is to compute the difference between E/(N 1, K)
and EY(N) corresponding to the Hartree-Fock wave functions WAN—1, K)
and W(N), respectively. In the one-electron-orbital picture provided by this
method, the final-stale wave function can be characterized as having a hole
in the kth subshell, and, for 2 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 (~10-1%s compared to ~10-135), the nuclear
positions in ‘I'{N—1, K) can be assumed to be identical to those in M"(N),
and the nuclear-nuclear repulsion sum in Eq. (49) will thus cancel in an
energy difference. However, the jon fcft behind by the exiting photoelectron
may not possess a nuclear geometry consistent with the ionic ground-state
vibrational motion, an effect which leads Lo the possibility of exciting various
final vibrational stales. 1 the cxcitation is also fast in comparison to the
motions of the (N —1) passive electrons in I”(N -1, K) (a less rigorously
justifiable limit termed the “suddcn approximation™), it is also possible to
show Lhat various final electronic states can be rcached, (Sce Sections 111.D.1,
V.D.2, and V.E for more delailed discussions.) For now, only the electronic
ground state of the ion corresponding to the minimum binding cnergy will
be considered. In this usually dominant final stale, it is expecled that the
passive clectrons will not have the same spatial distribution as those in
YN due to relaxation or rearrangement around the k hole. Although the
averall chanoe in the snalial form of the passive orbitals due to relaxation
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around an inner hole is not targe (for example, the mean radius of an atotic
orbital changes by only ~ 1-10%).1 the resuiting change in cnergy can have
an appreciable cffect on calculated binding cnergics. Such relaxalion eflects
can have significant conscquences in interpreting binding encrgy data such as,
for example, chemical shifts, and they are discussed in more detail in Seclions
1V and V.8. Holc-state calcutations in which initial and final stales arc treated
with equal accuracy in the Hartree-Fock sense have been performed by
various authors for atoms,!3-195 small molecules,199-109 and inorganic
clusters.!1® If binding cnergics delermined in this way are correcicd for
relativistic cffccts where necessary, very good agreement with experimental
core clectron binding cnergics has been obtained. For example, an agrecment
of approximately 0-2% is found between theoretical and experimental s
binding cnergics of Ne (En¥(15)=870 eV) and Ar (FyY(15)=13205 eV).193

Relativistic ¢fTects generally increase core clectron binding energics, as well
as leading to spin-orbit spliitings, and their magnitudes depend on the ratio
of the characteristic orbital velocity to the velocity of light.?3. ¥ 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 cxample, the correction for Cls
is only aboul 0-2 ¢V out of 290 eV (~0-08%), whereas for the decper core
fevel Arls, it is about 22 ¢V out of 3180 eV {(~0-697%).

An additional type of correction which should in principie be made to any
type of Hartree-Fock calculation is that dealing with electron—clectron
correlation. In connection with hole-state Hartree-Fack binding cnergy
calculations, the intuitive cxpectalion for such corrections might be that
because the initial-state SCF calculation docs not ‘include favorable corre-
lation belween a given corc clectron and the other (N—§) cleclrons, the
calculated E¢ value would be too large and thus that the binding cnergy
EpY(K)=E/(N -1, K)— E{N) would be too small. However, in comparing
relativistically-corrected hole-state calculations on scveral small atomis and
jons with experimental binding energies, the remaining error duc (o corre-
Jation has been found to change sign from level to level within the same
system.10% 111 Such deviations (rom simple expectations appear 10 have
their origins primarily in the different types of correlation possible for final
hole states in dilferent core or valcnee levcls. For examnle, EwV(is) for Ne
shows a carrelation correction 8Ecarr in the expected direction (that is, so as
to increase Ep) of approximately 0:6 ¢V out of 870-2eV (~ +0-079)12
whereas 8Fcors Tor En¥(25) acts in the opposite direction by approximaltely
09 cV oul of 48-3 eV (~ —1-8%).1"* For core levels in closcd-shell systems
such as Ne, such corrections can be computed approximatcly from a sum
of clectron pair correlation encrgies e(/, j} caleulated for the ground statc of
the system.}!! For example, in computing the 15 binding cnergy in Ne, the
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correction has the form of a sum over pair correlation energics between the
Is eleciron and all other clectrons in the atom. Such corrclation encrgies
are dependent upon both overlap and spin orientation, as the exchange
tnteraction partially accounts for correlation of electrons with parallel spin.
For Nels, this sum is thus: '

8Ecorr = e(13a, L5B)+ «(1sa, 25a)+ e(13a, 258)

+3¢(lsx, 20} 4+ 3e(152, 208)  (50)

with values of «(lsa, 158)= +1-09 eV, ¢(lsn, 2s5a)= +0-01 eV, ¢(lsa, 238) =
+0:06 eV, ¢(lse, 2pa)es 40411 eV, «(lsa, 29f)= +0-15 eV. Note the smaller
magnitudes of ¢(/, /) for electrons with parallel spins, Also, it is clear that
most of the correlation correction arises from the strongly overlapping 1s
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 Is hole give belter agrecment wilh the experimental
ls binding cnergy.'? The experimentdl value is EpY(l5)=870-2¢V, in
COMPATiSON (0 §Epger= 19 eV, Ep¥(l5)=870-8 eV based on Eq. (50)ut
and 3Lcorr=0-6 ¢V, £yY(15)=870-0cV based on the more accurate calcu-
lation.!2 §Ecor is decreased in the latter calculation primarily because of
correlation tcrms that are present in Ne* but not in Ne. The sum of pair
correlation energies (i, /) in Ne+* js larger than that in Ne by about 30 Yar
and other lerms not describable as pair interactions arc present in Ne+
but not Ne.

Aside from verifying that Hartree-Fock hole-state encrgy difference
calculations can yield very accurate values for core electron binding energies
inatoms and molecules, such investigations have also led to another impertant
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 diclated by the entire nuclear
geomelry (or to exhibit a maximum degree of delocalization) in the diagonal
Hartree-Fock method discussed here, Hole-state calculations by Bagus and
Schacfer'"? iuve shown that core-orbital holes will tend to be localized on one
atomic center, as opposed to being distributed over all cenlers as might be
expected in certain cases from a linear-combination-of-atomic-orbitals
{LCAO) Harirce-Fock calculation including all clectrons. In the simple
cxample of Oq, a hole in the log or lo, molccular orbitals {which can be
considered to a very good approximation to be made up of a sum or difference
of 1y atomic orbitals on the two Oxygen atoms, respectively) is predicted by
such a calculation to result in a net charge of + {¢ on cach oxygen atom in the
molccule. However, Snyder!® has pointed out that such a stale docs not
minimize the total energy associated with the final state Hamiltonian. Thus,
the lowest energy state is found'®? 1o Jocalize the Is core hole entirely on
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eilher oxygen atom. These pairs of equivalent final stales (which no longer
possess one-clectron orbitals with the Tull symmetry of the molecule) yield
the correct values of E/(N—1, K) for computing binding cnergics. For Oy,
the localized holc states yield a value of £y¥(15)= 542 eV, in compatison wilh
an experimental value of 543 cV, and a delocalized hole-state value of 554 eV,
Thus, localizing the hole represents a large correction of 12eV (~2:2%).
Morc recently, Cederbaum and Domcke!1? have shown from a more rigorous
point of view why the use of such localized core-hole states is valid,
Although localization of final-statc core holes is thus to be expected in
gencral, the question of localization becomes more complex in dealing with
valence electrons in molecules or solids. Molccular orbitals with lonc-pair
character or which exhibit a predominance of atomic-orbital make-up from
a single atom in an LCAO description are inherently Jocalized, cven 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-symmelry molecular
orbitals, Similarly, the spatially-compact 4f valence levels in solid rarc-earth

. ¢lements and compounds are found to yield highly-localized hole siates, as is

evidenced by the atomic-like multiplet splittings observed* 1 (sec Scction 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 ef a/.11% have concluded thal, even for
the highly delocalized valence states of free-clectron metals such as Li, Na, Mg,
and Al, the cnergy associated with final-state relaxation around a valence hole
can be calculated equally wellin terms of cither a localized- or delocalized-hole-
state description; in this case, however, the delocnlized hole state is still best
considered to be an itinerant localized hole propagating through the solid.
Although a localized-orbital description of the initial stale can always
be obtained rom a Hartree-Fock determinant by means of a suitable unitary
transformation of the various orbitals ¢¢ without changing the overall
N-clectron determinantal wave function or total encrgy,''® the transforma-
tion is nol unique. Payne!1? has also recently presented a new method for
performing molecular Hartree-Fock calculations in which reiatively unigue
localized-orbital character is built in by constraining cach LCAQ molecular
orbital to be composed only of atomic orbitals centered on a small sct 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, 1% 117 i s
nol clear that they would nccessarily lead to a more correct description of
the final state with one eleciron removed. More theoretical and experimental
work is thus necessary to characterize fully the best one-electron-orbital

e

T
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d?scription of the final states of many systems, if indecd such a one-elcctron
picture is always adequate or necessary.

In order to avoid the difliculties associated with hole-state calculations in
determining binding energies, a very often uscd 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 onc-clectron orbitals ¢; making up the determinant d4(N) are precisely
equal to the final orbitals ¢¢' making up AN —1, k) with a single k-subshell
hole. The final state total energy Ef(N — 1, k) can then be calculated from the
formula for E{N) [cf. Eq. (49)] simply by eliminating those terms dealing
with (he clectron occupying the kth orbital initially. This procedure leaves
as the Koopmans' Theorem value for EA{N-1, k) (neglecting nuclear
repulsion):

N N N
FAN-1,00%T= 3 &%+ 3 Y (Jy—8m, m,, Kif)

irk Irk J>1, ]2k
N

N N
=Y «+ ‘): z (Jiy=8m,,, m, Kyy)

ik -l

- Z (Jix—3m,,, m, Kux) (50}

The Koopmans' Thcorcm bmdmg energy of the kth electron is then by the
difTerence method {cf. Eq. (22)],

EY(K)KT=Ef(N—1, k)KT— EX(N)
N
= — g0~ Et (J,.—Sm". m“Ktt)
'™

or, making usc of Eq. (47) for the orbital energy «,
EpY(k)KT = — ¢ (52)

Thus, the binding energy of the kth electron is in this approximation equal
to the negative of Lhe orbital encrgy ex. For bound-state orbitals « 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 aboul the & hole in the ionic ground
state will tend to lower E/(N - I, k)T, and thus, as long as relatjvistic and
correlation corrections nre not too large, binding energies estimated wilh
Koopmans' Theorem should be greater than the (ruc values, If the error due
to such clectronic relaxation is denoled by 3E;c1ax> 0, then & binding energy
can be writlen as (neglecling relativistic and correlation efTects):

Ebv(k) hd Eh\'(k)l{'r —8Ercha x
= —ep—3Eropx (53
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It should be noted, however, that Koopmans’ Theorem as it is derived here
applics only to closed-shell systems (that is, syslems that are adequatcly
represented by a single Slater determinant with doubly-occupicd one-clectron
orbitals), or to solids which contain many elcctrons in highly delocalized
valence orbitals with quasi-continuous cnergy cigenvalues, 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 cach distinet coupling
will give risc to a different initial or final state encrgy. These states in atoms
might, lor example, be described in terms of L, S coupling, and would
in general be represented by a lincar combination of Slater delerminants. '8
Although each of these determinants would have the same gross clectronic
configuration (for example, 3d%), various possible combinations of = 1}
and m; would be possible within the opcn shells. Provided that final-state
relaxation is neglected, Slaler!'® has pointed out that a binding energy
En¥(k}*T computed as the difference between the average total encrgy for
all states within the final configuration and the average total encrgy for all
slates within the initial configuration is equal to the onc-electron enerpy <
computed from an initial-state Hartree-Fock calculation utilizing Coutomb
and exchange potenlials averaged over all states possible within the initial
configuration. This we can wrile as

BV ORT = BT - Bi= — (54
and it represents a gencralization of Koopmans' Theorem to open-shell
systems. The various final states discussed herc arc the cause of the multipict
splittings Lo be considered in Scction V.C.

Although the orbital energics e in Koopmans® Theorem as stated here
refer to fully delocalized orbitals, Payne!!? has recently peinted out that
near-Hartree-Fock calculations in which different atomic-orbital basis scis
are chosen for different molecular orbitals to yicld effectively localized final
results also yicld a set of onc-clectron encrgics thal can be interpreled via
Koopmans' Theorem. As these onc-clectron energics are not the same as
those for fully delocalized orbitals, it is thus ol intercst to determine whether
any such localization effects are clearly discernible in experimental valence
binding energies,

The most direct way of calculating 8Ercinx 15 of coursc to carry out SCF
Hartree-Fock calculations on both the initial and final states and to compare
EpY(k) as calculated by a total energy difference mcthod with E V(AR T = — g,
Such calculations have been performed by various authors on both atoms
and molecules.® 194-100 Ag represeniative examples of the magnitudes of
these effects, for the neon atom, EnY(15)=868-G ¢V and FyY(15)¥T=891-7 cV,
glvlng 8Ff¢|u:~21 eV ("’2 ﬁ‘y), and rlrv(l") =493 ¢V and Ea."(l\')""'=
52:5¢V, giving SEramx=d eV (~06-07). Filects of similar magnitude arc
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found in the Ls levels of molecules containing first-row atoms,196. 109 Aleq,
in cerlain cascs, the presence of a localized hole may cause considerable
valence electron polarization relative to the initial state.tos, 107, 110 Thus
8Lreiny lics in the range of 1-10%, of the binding encrgy involved, with greater
relative valucs for more weakly bound electrons. Several procedures have

also been advanced for estimating 8Eye1ax!05 119-121 und 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 encrgy 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
Scction I111.D.1. Implicit in the use of Koopmans' Theorem is the idea of a
~ predominantly one-clectron transition in which the {N ~ 1) passive electrons
are little alicred,

To summarize, the use of Hartree-Fock theory and Koopmans® Theorem
permits writing any binding encrgy approximately as

E bv(k) =g 3Erelnx + sErem + 5Ennrr (55)

[}

in which 8E¢ciaz, 8Eretat, and $Eeopr are corrections for relaxation, relativisitic
eflects, and correlation efects, respectively,

C. More Accurate Wave Functions via Configuration Interaction

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

¥(N)= T i) | (56)

The coeflicients C;, and perhaps also the set of one-electron orbitals i
used to make up the s, arc oplimized by secking a minimum in total
cnergy to yield a more accurate approximation for Y(N). In the limit of an
infinite number of configurations, the exact wave function is obtained by
such a procedure. In practice, the dominant Cy's are usually those multiply-
ing determinants with the same configurations as those describing the
Hariree-Fock wave function for the system.

For cxample, for Ne, a highly accurate CI calculation by Barr involving
1071 distinet configurations of spatial orbitals!?? yiclds the following absolute
values for the cocflicients multiplying the various members of a few more
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important configurations: s 152252208 = Hartree-Fock  configuration -
0-984; 2= 152251298351 —0-005 1Dy == [522632093p—0-009; b, == 142252244t
—0-007-0-030; and iy = 1122522p43p4p—0-007--0-022. Approximately 70
distinct configurations have coeflicients farger than 0-010 in magnitude, but
only that for ®, is larger than 0-030.

Manson®! has discussed the influence of configuration interaction on the
calculation of photoelectron peak intensities (sce the more detailed discussion
in the next section), and in particular has noted that it may be important to
allow for Cl effects in both initial and final states. Specific efTects of conligura-
tion inleraction in XPS spectra are also discussed in Scctions V.C and Y.D,
as well as in the chapter by Martin and Shirley! in this series.

D. Transition Probabilities and Photoelectric Cross-sections

\. Gencral Considerations and the Sudden Approximation. In order to
predict the intensities with which various photoclectron peaks will occur, it is
necessary to calculate their associated transition probabilities or photoclectric
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
specimen from a state ‘() to a state W(N) with a wunit incident photon
flux of I em-2s-1, If the direction of clectron emission relative to the
directions of photon propagation and polarization is specified in 'I'AN), as
well ns perhaps its direction of cmission with respect to axes fixed in the
specimen, such a cross-section is termed diferential, and is denoted by
do/dQ. The differential solid angle dQ2 is that into which clectron emission
occurs, and it is indicated in Fig. 7. From do/dQ for a given system, the total
cross-section for clectron excitation into any dircction is given by

de
o= f 20 400 (57)

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

In a semi-classical treatment of the effect of electromagnetic radiation on an
N-eleclron system, the perturbation /7’ duc to the radiation can be approxi-
mated in 4 weak-ficld limit as:13!

[ c » -
7 = =5 (B A+ A-p) (58)

in which fi= —~iiV and A =A(r, 1) is the vector potential corresponding to the
field. For an clectromagnetic wave traveling in a uniform medium, it is
possible to choose A such that V-A=0 and thus F-A=0, so that in all
applications to XPS it is appropriate to consider only the A-f term in Eq.

E2]
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(58). (In UPS studies of solids, it has, however, been pointed out that the
change in properlies near a surface can result in a “surface photoefTect” due
to the A term.13%) The electromagnetic wave is further assumed to be a
travcling plane wave ol the form:

A(r, f)=¢Aq cxp [i(kay 1 —2mv1)] . (59

where e is 2 unil vectlor in the direction of polarization (e is parallel to the
electric fiek! E), Ao is an amplitude factor, ks is the wave vector of pro-
pagation, ‘h.| =2n/A, and A is the wavelength of the radiation. Within this
approximation the transition probability per unit time for a transition from
Y(N) to WHN) can be shown to be proportional Lo the flollowing squared
matrix-elementizd. 131

N 2
| Mig|?= ‘ )| 'ZI Ar) | FUND) l

N
=ttt | CFIN)| T exp (koo ride- V| WHN)) (60)
=l

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 fBux of the incident radiation is pro-
portional to Ao2. If the final state 'I/(N} corresponds to clectron emission
with a wave vector kf {(or momentum pf =/ik!) oriented within a solid angle
dQ (cf. Fig. 7), the differential cross-section can then be shown to be:124

de I
=< (x)

in which C is a combination of fundamental constants, and A¢? 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 symmelry-degenerale final states, and to average over various symmetry-
degencrale initial states to determine a correct cross-section. Il the degeneracy
of the initial state is gi and il each such initial state is equally populated, this

yiclds
de C/ 1]

Also, il 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
Lie

randomly oriented set of atoms or molccules as appropriate to studies of

e temumiallina enacimane dafd() must alsa be averaged aver all

N
AN | ‘Z! exp (ika,-ro)e- Vi | VYN ! 61)

N 2
YAN) | ,Z:; exp (ikn,-ri)e- Ve | PHN)) (62)
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possible oricntations of the target system with respect to each pnssiblc—
relative geometry of the radiation and the emitted clectron.

A final point of gencral concern is Lhe influence of nuclear molion, speci-
fically vibralion, on such cross-sections. Il the Born-Oppenheimer approxi-
mation [Eq. (26)] is valid and the influence of the perturbing radiation on

dn

Photoelectron

o
pl=hk !
Radiation

Polarized-

R

Target atom/molecule

Unpolarized-

Fig. 7. General geomelry for defining the differential cross-sectian de/dil, showing hath
polarized and unpolarized incident radiation. The polarization vector e is parallel to the
clectric ficlkd ¥ of the radiation. In order for the dipole approximation to be valid,
the radiation wave length A should be much larger than typical targel dimensions (that
is, the opposite of whalt is shown here).

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

de C/ 1
w5 (%) T
- [KE (P PP R (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 Scction V.E. Only the clectronic aspecls of matrix
elements and cross-sections are considered further here,

N
YA} ;>-:’| exp (fkayrrider Ve[ IUN)) :
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In proceeding further, it is assurned that the pholon wavelength A is much
larger than the typical dimensions of (he system, which will generally be of
the order of a few A, This is a reasonably good, although borderline, approxi-
mation for MgKa or AlKx x-rays with Ax~10 A. This assumplion permits
treating exp (fka, 1) as unity in the integration, yielding for Eq. (62):

_":..E(l) 5 le.cw(m] 5 vy 6
daQ gi\kv/ (7 =1

and is termed “neglect of retardation” or “the dipole approximation™. A
further convenience that thus arises is being able to write the matrix element
in Eq. (64) in any of the three forms:12¢

N
PN T Wy =3 crm)] I alr)

N
=) | 3 ey
] =1

N
=£— (‘l’f(N)| zl V;VI‘P"(N)) (65)
[} ™

The equality of these three forms can be proven by means of commutation
relations for the exact wave functions corresponding to any Hamiltonian of
the form of Eq. (24); the first form is denoted “momentum™ or “dipole-
velocity™, the second “dipole-length™, and the third “dipole-acceleration”.
In the last form, V=MW1, ry, ..., tx) is the potentinl represented by the
clectron-electron repulsion and electron-nuclear atiraction terms in the
Hamiltonian,

There arc several levels of accuracy that car be used for the evaluation of
matrix eleinents such as those in Eq. (64). The most often used approximation
begins by assuming a strongly “onc-clectron® character for the photoemission
process, and represents the initial state ns an antisymmetrized product of the
“active™ kth orbital $x{1) from which emission is assumed Lo occur and an
(N — I)-electron remainder Wa(N — 1) representing the “passive” electrons:

PUNY= A Dxa(1), Tr(N = 1)) {66)
[n the weak-coupling limit, the final state is further given very accurately by
YIN)= AB/ (A1), TN~ 1)) (67)

where for brevity the index X (or most simply k) on the ionic wave funclion
WHN=1} has been suppressed, and f specifics the kinetic encrgy and any
additional quantum numbers necessary for the continuum orbital $/(1).
If it is Turther assumed that the primary & — f excitation event is rapid or
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“sudden™ with respecl to the relaxation times of the passive-cleetron prob-
ability distribution, the evaluation of N-electron matrix clements for a
general one-clectron transition opetator 1 depcnding only on spatial coordi-
nates (such as any of those in Eq. 65)) yiclds:%0. 131

N '
()| 'Z| h[‘I"(N))-(MI)[?[M(I))(‘I"(N =Dra(N-1) (68)

The use of this expression is often termed (he “sudden approximation®,
and it has proven to be very successful for predicting the intensities of various
types of many-cleciron fine structure observed in XPS specira (sce, for
example, Scclions V.C, and V.D). Transition probabilitics and cross-sections
are thus in this limit proportional to ikl L

S I [HIAN - )| ¥aiV~ 1]t §

and involve a one-clectron matrix element and an (N—1)-clectron overluap
integral between the ionic wave function and the passive-clectron remainder
WRr(N—1). 1t should be noted that Yr(N— 1) is thus not a valid ionic wave
function, but rather a non-unique “best™ representation of the initial-state
passive clectrons. In order for the overlap integral 10 be non-zero, symme ry
requirements further dictate that both WHN—1) and Wnr(N-1) must corre-
spond Lo the same overall irreducible representation; this is the origin of the
so-called “‘monopole selection rule™, which is discusscd in more detail in
Section V.D.2, .

It is necessary also Lo consider criteria for determining whether the sudden
approximation can be used or not.13% 134 [f {he excitation from a given
subshell & gives rise to a sct of final state energies EAN -1, K); K=1,2,...,
then the simplest criterion for the validity of the sudden approximation is
tha(t33

.

[EAN~1, K)—~EN(N—-1, K]t <] (70)

where +* is the lime required for the k — J photoclectron to leave the system,
and K'and X’ can range over any pair of final energies with significant
inlensity in the sct. As an indication of the orders of magnitude occurring in
this inequality, for a typical x-ray photoelectron of Eyyp= 1000 ¢V, ofe=0-06
or 2 x 10° cm/s. For a typical alomic diameter of 2 A, the escape time can
thus be roughly cstimated as T2 (2% 10-%/2x 10%) 210 175, Thus, r'fh2 1165
eV-L, and for final state scparations much larger than 10 ¢V, the sudden
approximation would appear to be violated. However, calculations by
Aberg! and by Carlson, Krause, and co-workers!? using the sudden
approximation have given reasonable agreement with experinmrent for several
systems for which this inequality was not fully satisfied. On the other hand,
Gadzuk and Sunjic!3 have considered in more detail the question of transit
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times and rclaxation times in XPS, and have concluded that even the typical
excitation cnergies in XPS of ~ 15 keV may not be sufficient to reach lully
the sudden fimit. This question thus requires urther study.

An alternative, and in certain respects more general, description of the
initial and final stales in the transition matrix element is to use single-
determinant Hartree—Fock wave functions. IT these are calculated accuralcly
for both states, thus including relaxation eflects, the relevant wave functions
are

WiNY= A($1x1, $axz, ...\ PEXEs .o FNAN) (7H
WHN) = A1 X1) $3°X2, ey $IXs e 8'XN) (72)

and the transition matrix element becomesia®: 137

N
AN Y, W[ YN)Y = T T <m (D1 $a(1)> D1 | ) (73)
it m o

where the double sum on m and n is over all occupied orbilals and D"{m|n)
is an (N— 1} x (N — 1) passive-clectron overlap determinant. Df‘(mIN) is thus
equal to the signed minor formed by removing the mth row and nth column
from the Nx N determinant Dff whose elements are overlaps between
initial- and Fnal-state onc-electron orbitals. That is, the pg element is
(DM)pg={p'Xp|PeXsd. Many of the N? matrix elcments contributing lo
Eq. (73) are zero or near-zero for three reasons: (1) onc-clectron matrix-
clement selection rules associated with ($m’( I)l?[q&,,(l)); {2) monopole
sclection rules arising from the one-electron overlaps (¢p'xp|fﬁqxq). since ¢,
and ¢, must have the same spatial symmetry and the spin functions x, and
xe must be equal for the overlap to be non-zero; and (3) the ncar ortho-
normality of the passive-orbital sets di, ..., k1, $xet, ... dv and $1',
s Pty Prit’s oy $N°, SO thal ({:,']é,}zl-o and (nf’p']qﬂq)z() for p#q.
Additional matrix clements corresponding to transitions other than k — f
that cannot be ruled out on these bases have furthermore been shown by
Aberg!® to be negligible for a high-cxcitation-energy limit, which leaves
finally a first-order resull analogous to the sudden-approximation expression

N
M| L Yy = e DR 4
Various methods for calculating such overlap delerminanis for atoms

have been investigated by Mehta ef al.,39% and it has been concluded that the
use of a diagonal-clement product is accurate to within ~1-27:

N N
QM| T WP =B T @l (19)
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Procecding one slep lurther fo an unrclaxed, “Trozen orbital”, or “Koopmans®
Theorem™ final state in which ¢’ =¢s for j#k finally leads to the simplesl
approximation for such matrix clements:

N
(TN ,X. W|WUNY = (D [T 1) (76)

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

At the level of sudden approximation calculations utilizing Tiq. (68) or
(74), two cxperimentally usclul spectral sum rules have been poinicd outl.
The first states that the weighted-average binding encrgy over all final ionic
states YN 1, K) associated with a given primary k — f cxcitation is
simply equal Lo the Koopmans' Theorem binding cnergy of —ex. That is.
il I is the intensity of a transition to W/(N — 1, K} corresponding to a binding
energy Ey(K), then

= T IkEulK) / 5 = 3 [CP=1, K)YaN— ) [#(6) (77
X X

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. 8
The significance of this sum rule is illustrated in Fig. 8, and it requires that,

Adiabatic
peak

Ef ik},

Erelax‘|

=
-
I»—— Shake-up ———-|

w=u— Shake-olt —-OI

x 7% =
Total Ares ———
n a, llrozen-orbital}

. #—sanrm Binding Energy

Kinetic Energy —————s

¥ig. 8. Schematic llustration of a photlocleciron spectrum fovolving shake-up and shake-
off satellites, The weighted average of all hinding energics yiclds the Koopmans® Theoren
binding ¢energy = o [sum rule (77)], and the sum of all intensities s proportional toa
(rozen-orbilal cross sectian ox [sum rule (78)). The adiabatic peak correxponds to formalion
of the ground state of the fon [Eu(k) = En(K=1)].
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in order for rclaxation lo occur In forming the lowest-binding-cnergy
“primary” or “adiabatic final state corresponding to the jonic ground state,
exciled ionic states corresponding to binding energics higher than — e
must also arise. The peaks due to these states have been variously called
“shake-up™, “shake-ofl, “‘many-electron transitions”, “configuration-

interaction salellites”, or ““correfation peaks”, and more specific illustrations .
L]

are given in Section V.D. The high-inlensity lowest-binding-energy peak has
often been assaciated with a *“one-electron transition™, although this name
is unduly restriciive in view of the inherently many-clectron nature of the
photocmission process. Thus, the intimate relationship between relaxation
and correlation is demonstrated, although it still-is possible to dectermine
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 inlensities, and it stales that the sum of all intensilies associated
with the states 'I'/(N—1, K) is given by

= T Ix=C T [GAO] e |2 0PN =1, K] ¥a(¥— 1 |1
= C |11y 2 | ' (78)

where C is a constant (or 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 intensilics summed over all states W/(¥—1, K), as was first pointed
out by Fadley.!37 Thus, absolute photoclectron intensilies for the usually-
dominant ionic-ground-state peaks may be below those predicted by un-
refaxed or frozen-orbital cross-sections, as has been noted experimentally
by Wuilleumier and Krause;13® by contrast, x-ray absorplion cocflicients,
which inherently sum over all final states for a given k — f excitation, are
well predicted by unrelaxed cross-sections.!??

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 clements and cross-sections,®. 127 In particular,
Manson®! has discussed in a general way the effects that this can have,
pointing out scveral mechanisms by which calculated intensities can
be significantly modified by the inclusion of CI in the inilial-state wave
function and the final-state wave function. For computational convenience,
it is cusiomary (although not essential) to use the same sct of otthonormal
onc-clectron orbitals e, de, ..., dar (M > N) in making up the configurations
of both initial and final states. This apparent fack of ailowance lor relaxation
in the final stale can be more than compensated by using a large number of
configurations with mixing coefTicients Cy! and Cyf that are oplimized for
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both states: )
PN)= T Clit(N) (79
)
TIN)m T CoOul(N) (80)

The exact expressions for matrix clements determined with such wave
functions are rather complex, particularly if more than one continuum orhital
is included, corresponding Lo an allowance for continuum CI (nlso referred
to as interchanncl coupling or close coupling).®' Although such centinuum
effects may be important in certain special cases (see Scction V.1).5), several
many-electron phenomena noted in XPS spectra can be well explained in
terms of only initial-state CT and final-state-ion CI. In visualizing these effects,
it is thus useful to take a sudden approximation point of view, ir which a
single primary k -»f transilion is considered and the individual con-
figurations dy(N) and ®,/(N) arc thus writien as antisymmetrized products
with forms analogous to Eqs (66) and {67):

DN) =A@ 1), O (N - 1)) (R1)
P (N) = A (1)x/(1), D! (N~1)) . (82)

!n these equations, the (N—1)-electron factars can if desired be indexcd
identically, so that, for the fixed one-electron basis sel, BN — )=, (N-|)
I!' J=nt and thus also (PN —1)|Dp/(N — 1)) = ;. Matrix elements in this
limit are then given by repeated application of Eq. (68) as

N
)| ...Zn AREUHTICLOTHIRON ; (2 o) (83)

Thus, the mixing of various configurations into either the initial or final slates
can affect the observed intensity of a given final state appreciably, as it is only
il a certain configuration has a non-zero cocfMicient in both states that it will
contribute a non-zero (CY)*Cyt product. For the uscful limiling case in
which a single configuration j=1 dominates the initial slate, then Cyfx 1-0,
Cy'=0for f# I, and the square of the matrix element (83) far transitions Lo a
given finat state is simply

N 2
)| 'Z' W) | |2 (%4)

(If relaxation is permitted in the final-state onc-electron orbitals, then overlap
integrals of the form (®nu/(N-1) |DAN— 1)) =S5 must be compuled, 1
and Eqs (83) and {84) become more complex. However, in gencral S, = 5;,,.)
Such CI effccts are important in understanding the simplest forms of multiplet

k)
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splittings (Section V.C), many-electron cffccts in multiplet splittings (Section
V.C), and the intensities of various many-elcctron satellites (Scction V.D).

The inherent requircment of relaxed final-state orbilals in sudden approxi-
mation calculations using single-determinant Hartree-Fock wave (unclions
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 usc of relaxcd final-state orbitals in such single-determinant calculations
yickls matrix elements of no higher accuracy than those resulling from the
inclusion of only a limiled form of initial-state configuralion interaction.
Thus, there arc several types of effects that can only be adequately discussed
in terms of a more complete CI treatment.

In the next three seclions, matrix clement and cross-section calculations
for atoms. molecules, and solids arc discussed at the oflen-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 $axs=dntmXm,
lo spin-orbital ¢/xf=¢gN1fm,Xm ], Where Ef is the photoclectron kinetic
energy hv— EyV(nl). The usual dipole selection rules then require that

Al=li~]=+1 (85)

Amyp=my —nu=0, +1 86)
Amy=md —-m,=0

Photocmission is thus divided into two “channels™ for /=/+1 and I/'=/-1,
with the 7+ 1 channel usually being much more important at XPS cnergies,

The most commonly encountered experimental situation is a collection of
atoms whose oricritations 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 tolal photoelectric cross-section for all events involving
emission from a given nf subshell can be calculated by summing transition
probabilities for all possible one-electron events according to Eq. (63). A
general derivationi24, 126,137, 140 then shows that the lotal subshell cross
section ot is, in the dipole-length form,141 given by

41'I'¢qau

oni(Ef)= (M) RIAMED +(T+ DR a¥(EN) (87)
in which «g is the fine struclure constant, go is the Bohr radius, and the
Riw(EY) are radial mn(rlx elemenls common (o all onc-clectron dipole

- s [ ] P 2 L _ el L.
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the gencral form of Eq. (36).} These radial intcgrals are given by
Ri(EN = j Rat(DrREf, 1za(r)r? dr= I Pa(r¥rPesoai(rydr (B8)
0 0

where Pui(r)/r = Ry(r) is the radial part of the ¢um, orbital and Pes, pa(r)fr: -
Re!, 1x1(r) is the radial part of the continuum photoclectron orbital $gfefim
The differential photoelectric cross-section for a given subshell is furthermore
given by the expression 134 127, 140

dﬂn! "nl

e (& )"—_ [1 — 4Bl EN) Py(cos o))

=2 [1+4Bu BN sin® a—1)] (89)
where fni(E7) is termed the asymmctry parameler, « is the angle betwecn
photon propagation direction and electron emission direction, and Pz(cos o) =
1(3 cos? e~1). BulE) can in turn be calculated from the radial integral
Ri41(E?) and certain continuum-orbital phase shifts 8;31(£f) that represents
the shiflt in the sinusoidally oscillating character of Ref, 111(r) at large radii
relative to the continuum wave functions for a hydrogen atom at cnergy
Ef, The equation for Bai(EY) is

(= DR_HEN+ (I + D)+ 2R 1 X EN)
— 61+ DRUA(ENRA(ET) cos [81,.1(EN) = 8i_(EN))}
2+ DR E)+ (I + DR HED)

and the term in cos [81,1— 8;_1) represents an interference belween oulgoing
I+ 1 and /- | waves. Such phase shifts are illustrated for C2p emission into

{90)

Bri(ET) =

s and d waves at different /v in Figs 9(d) and 9(c).

' The allowed range for Bat is — 1 << 4+ 2. A positive value of g indicales
that photoelectrons are preferentially emitted at angles perpendicular to the
photon dircction (x=907), whereas a negalive value indicates preferential
emission either parallel or anti-parallel to this direction («a=0° or 1807),
A value of 8=0 yields an isotropic distribution. For s-clectron emission,
1 =0, and only transitions to i/ =1 waves are possible. § is always +2 for this
case, yielding a differential photoclcctric cross-section of the form:

dona(EY) Um{EI)
. 4n
with maximum intensily at «=90" and zero intensily al «=0" and |80°,
For the other limiting case of 8= -1,

doni( E) unr(C’)
A0 A

sina (91

(92)
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Fig. 9. Radial functions P(r)=+ - R(r) for (a) the occupied orbitals of atomic mrb_on and
{h)-(c) the continuum photoelectron orbitals resulting from CZp excitation .at different
photon cnergics as indicated. Continuum wave funclions for both allowed emission channels
are shown (I -+ 1-»d wave, I— | -5 wave). Note the non-sinusoldal chamcter near the nucleus,
and the decrease in the electron deBroglie wavelength A, with increasing kincticenergy. The
definition of the phase shift 8,— 343 » is also indicated for Ar=200-0cV l_lrld 14866 cV.
In {a), the range of typical bond Jengths between carbon and low-to-medium Z atoms is
also shown for comparison. (S. M. Goldberg and C. S. Fadlcy, unpublished results.)
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the photoelectron intensity is zero at #=90", and has its maximum valuc at
@=0° and 180". No malter what the value of B is, the form of Eq. (R9)
dictates that the distribution should be cylindrically symmetric about (he
photon propagation direction.
Equation (89) is also equivalent to
o M

90;—':::—)-=A+Bsin3¢ . ©193)
where 4 and B are constants given by A=(anfdn)(l —Batf2) and
B=(onfdn)-38m/4. From an empirical determination of A and , B can thus
be calculated from Bri=4B[(341-2B). A comparisen helween the function
predicted by Eq. (93) and experimental resulis made by Krause42 is shown in
Fig. 10. The parameclers A4 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 MgKe x-rays. The data are reasonably well described
by Eq. (93), although a slight systematic deviation is apparent ; this has been
associnted with effects due to the breakdown of the dipele approximation
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Fig. 10, Experimental angular distributions ol 35 (= M), 3p (= Ma, 3), and (=M s)
photoclectrons excitesd from gaseous Kr with MgKe x-rays. The curves 1epresent feasi-
squarcs fits to the data points of a refationship of the form of Eq. (93), in which A and
were treated as empirical constants. (From Krause, rcf. 142.)
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(neglect of retardation),'42 Note that the 35 data arc consistent with Eq. (91)
as expeeled. Alsa, a decrease in § with increasing orhital angular momentum
is obscrved, although B is cleasly positive for all three cases presented in
Fig. 10. Wuillcumicr and Krause!3® have also presented a similar analysis
for Nc2p cmission (hat extends up to XPS excitalion encrgies.

Total atomic subshell cross-seclions for pholon cnergies relevant to
XPS have been calculated in various studies,126. 143181 Thesc calculalions
have made use of both the non-relativistic thcory outlined above, as well
as relalivistic methods based upon the Dirac equation . 145,151 n
the non-relativistic calculations, the method introduced by Cooper and
Mansont2e 146, 147 has been most utilized: cross-scclions arc calculated
[rom matrix clemenls between initial-state orbitals determined in a Hartree-
Fock-Slater approximation (as those generated by Herman and Skillman
for all atoms)?® and final-state orbitals determined from a one-clectron
radial Schrocdinger equation with a central potential F(r) representing the
interaction with the nuclcus and (N — 1) electrons in the ion {again of the
form determined by Herman and Skillman). More recently, Scofield!5t has
used a relativistic analogue of this procedure to calculate MgKa and AlKa
total subsheli cross sections our, y=14y for all clements in the periodic table;
spin-orbit cfects split cach 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 Scction HILF.3.

In general, it is found that for fiv well above threshold, as is the case in
XPS measurements, transitions to #=I+1 arc much more probable than
those 10 I =I— 1120 147 Thus, the term (/+ 1)Ri,1*(E’) dominates the term
{Ri_(3(E'} in Eq. (87). Also, oxi(EY) is generally a decreasing function of
FEZ for hv well above threshold. However, large osciflations and minima in
the cross-section may occur as v is increased above threshold.126. 140. 147
Such oscillations can be cxplained in terms of the changing overlap character
of an oscillatory Pafr) and an oscillatory Pg/, 131(r) with changing E/.%1
As E! is increased, the elfective wavelength of the radial oscillations in
Pr/, 141 decreases and the oscillations penetrate more decply into the region
of non-zero Pu(r) *within™ the atom. This efTect is illustrated quantitatively
in Fig. 9 for continuum orbitals corresponding to emission from a C2p
subshell at hw=21-2, 40-8, 200, and 1486-G cV, as calculated by Goldberg
and Fadley using the Manson/Cooper program. For a given hv, the matrix
element Ry i(Ef) thus may consist of contributions due to the constructive
overlap ol onc or more lobes in Puilr) and Pgs, 1. IF, as Ef is varicd, the
relative signs of the overlapping lobes change, Riwi(E7) may change sign,
and therefore at some kinctic encrgy intermediate between the sign change, o
7cro or minimum in EpE/) and aw(Ef) can result. A corollary of this
aranment it thal alomic orbitals Pui(r) which exhibit no oscillations with r
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should show cross-sections which decrease smoothly with increasing £/
and cxhibit no zerocs or minima.'?® Examples of such orbitals would be
15, 2p, 3d, and 4.

Comparisons of tolal cross-section calculations with experiment are often
made through the total atomic absorplion cocflicient for x-rays, which at
lower x-ray cnergics of <10 ¢V consisis cssentially of a sum over the several
subshell cross-scctions. Such comparisons yicld reasonably good agrecment
between experiment and theory {~5-1077) except near threshold where
hvss Ep¥(nf). 137, 143, 145,180, 152 Cooper and Manson™? have also calculated
relative subshell cross-scctions in XPS which compare favorably with the
cxperimental values of Krausc!? shown in Fig. 10,

Asymmetry parameler calculations have alsa been performed for various
atoms at the Manson/Cooper level, and the values obtained for Burl£)
are also in reasonable agreement with experiment (~ 5%).4M7 Manson!%?
and Kennedy and Manson!4? have also pointed out that for certain subshells,
theory predicts that Sni(EN) may exhibit large oscillations with £, Finally,
Reilman ef al.18 have calculated 8 values spanning all elements in tlie periodic
table for the two common XPS x-rays MgKa and AlKa; interpolations in
(his table can be made to any atomic subshell. Thus, the use of Scoficld’s eny
valuests! Logether with the Ba; tables of Reilman ef al.'% permits determining
a rcasonably accurate differential cross-section for any siluation encountercd
in typical XPS experiments (cven though it does represent a mixture of
relativistic and non-relativistic calculations). The data of Fig. 10 make it
clear that in ordér for comparisons of peak intensitics in photoclcctron spectra
to be meaningful, the angular geometry of the experiment tust be known
and allowed for via da/d€2. Neglecting the cffect of the asymmetry parameter
is equivalent to assuming

,da_. o 4
™ 99
a relationship that is only rigorously true for a “magic-angle” experimental
geometry with Py(cos a)=0 or o=54-74",

A Turther important point in connection with alomic cross-sections is thal,
for systems initially posscssing an open shell, the calculations outlined ahove
will represent a sum of cross-sections leading to the various allowed final
multiplet states (gencrally describable as L, S terms).'28 Provided that these
multiplets are dcgenerale, no obscrvable ellects are suppressed by such a
summalion. However, in many cases of both core-level and valence-level
cniission, these multiplets are resolvable from one another, so thal somc
procedure within a one-clcctron-transition model is needed for predicting
the partitioning of the cross-section into the various multiplets, Far emission
from a closed inner subshell, the weight of cach multiplet is just its total
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multiplicity,!®8 so that
Intensity oc(257 4 1)2L/ + 1) (95

For emission from a parlially-filled valence subshell, more complex expres-
sions involving [ractional parentage coeflicients arise; these have been
discussed in detail by Cox and co-workers, !35. 188 and by Bagus, Freeouf,

and Eastman,!8? These references inciude extensive numerical tables. It has'

also recently been pointed out by Dill ef al.158 that for emission from o 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 ntoms (as would be characteristic of gas-phase or poly-
crystalline specimens), the situation of an array of atloms with definite
orientation can be important for the case of chemical bonding at a well-
defined single-crystal surface. Gadzuk!s® has considered the theoretical
expressions resulting for oriented Iransition-metal atoms on surfaces, and
finds potentially significant effects on the angular dependence of photo-
electron emission from such aloms.

3. Molecules and Molecular-orbital Studies. In general, less is known both
experimentally and theoretically about molecular cross-sections, primarily
duc 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 energics of a few hundred eV or
more, the usc of atomic subshell cross-sections is probably 2 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
excitalion, it is interesting to note however, that even core levels arc predicted
to show cross-scction resonances due o molecular gecometry.%9) Based upon
theoretical calculations by Nefedov ef al.,'*! changes in the magnitudes of
core-level cross-sections with ionization state arc further expected to be very
small (~0-1 7 per unit charge), although in some cases such cfTecls could he
significant.

In valence-level emission, 1he determination of cross-seclions becomes more
complex. The initial-state orbital ¢y is usually written s a linear combination
of atomic orbitals (LCAO): .

$r= 3 Canrdm (96)

AA
in which k represents a symmetry label appropriate for the molecule (c.g.
20y or lmy in Of), ¢4, is an atomic orbital (AO) for whieh A designates the
atom and A the symmetry (e.g. 4 =oxygen and A=1Is in Og), and the Ca1's
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are expansion coeflicients, Such an LCAO description can be made alt any of
various levels of accuracy, as is common in quantum-chemical calculations,
The final-stale orhital ¢/ presents more of a problem, however, as it must be
computed so as to lake account of the full molecular gcometry, even though
at high excitation energies and large distances from the center of muss 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-
scclion calculations relevant to XPS: (1) A simple planc-wave (PW) of the
form exp (ik'r) has been used in scvernl studies, 1%, 103 although i1 tecms
doubtful that highly quantitative results can be achieved in this approximalion
because the plane-wave is in no way sensitive Lo the truc potential near the
atomic centers and neither is it properly orthogonal to the. initidltaitc
orbital. By analogy with the atomic case, one would expect correcififdMHiTe:

to show behavior near the nucleus much like that shown in Fig. 3?'(2} Plane-~"

waves orlhgonalized to the occupied core- and valence-orbitals (OPW's)
have also been utilized, for example, by Rabalais, Ellison, and co-workers, 112
but doubts concerning their quanlitative accuracy at high energics have also
been raised by Ritchie.t™ Also, the use of either PW or OPW approximations
in the atomic case has been shown by Williams and Shirlcy!%s to be grossly
inadequate. (3) Ritchie!®® has used an expansion in terms of partial waves of
different / character, noting that the non-spherical symmetry of the molecular
geomelry may mix these, introducing complexitics not found in the atomic
case. (4) More rccently, Dill,1% Dchmer, 190 and Davenport?$8 have discussed
the use of the mutiple-scattering X«'%? method in molecular cross-section
calculations and, at this point, it shows considerable promise of being able
lo provide very useful and reasonably accurate numerical results. The
calculation of molecular cross-sections has heen reviewed recently by
Dehmer,1%8 a5 well ag by Huang and Rabalaist?0 clsewhere in this serics.

An additional factor that must be considercd in molcular cross-section and
lineshape analyscs is that various final vibrational states may he reached in 2
given photocmission event, even in the simple case for which only a single
vibrational mode is initially populated. These vibrational excitalions are
responsible for the bands observed jn gas-phase UPS spectra,®? for example,
and similar efMects have been noted in core-level XPS emission (see Scction
V.E). Il (ke Born-Oppenheimer approximation is used, then the electronic
cross-section {differential or total) can be partilioned among the various
vibrational states simply by multiplying. by appropriate Franck-Condon
faclors, as indicated previously in Eq. (63).

Whatever initial- and final-state approximations are utilized. it is nonc-
theless a gencral conscquence of 1he conservation of parily and angular
momentum that the overall form of the differential photoelectric cross-section
ol a randomly oriented collection of Born-Oppenheimer molecules exposed

s
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to unpolarized radiation will have the same form as that for the atomic
case,149. 168 namely, Eqs (89) or (93). The calculation of o and i procceds
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 A+ B sinta,
with all members of each valence vibrational band showing very nearly
the same distinct 8 valuc (with a lew exceptions perhaps indicative of a partial
breakdown of the Born-Oppenheimer approximation).

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

As a final general point concerning molecular cross-scctions, it should be
noted that, although all of the foregoing results assumed random oricntation,
the situatjon of surface chemical bonding on an atomically-ordered substrate
may yield a sct of molecules wilh a definite orientation. Dill'?! has presented
a general theoretical formalism for evaluating such oriented-molccule
differential cross-sections, and Davenport'®® has performed numerical
calculations for oriented carbon monoxide based. upon the X method.
Primary emphasis in all such theoretical studies 1o date has been on uitra-
violet excitation, however.

In analyzing XPS emission from molecular valence lgvels, much use has
alsp been made of an approximation first suggested by Gelius.172 Although
originally derived by assuming a plane-wave final statc exp (ik-r), a slightly
difTerent procedure will be used here that both lcads 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 LCAQ form
[Eq. (96)) with the implicit restriction (not always staled) that the atomic
orbitals ¢4, be reasonable representations of frue atomic orbitals, not just
single-radial-lobe basis functions, for example, of Slater or Gaussian type.
Consider a hypothetical final-stale orbital ¢/ corresponding to Ef e fiv— Ep¥(k)
that has somechow been determined with arbitrary accuracy. The matrix
element for photoemission from the molecular orbital will then be given by

@ rldy =l 2_;. Cartbar)

- ; Caaeéd |t]|pard (97

The photoelectric cross-section will be proportiom'il to the square of this
mateix 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
[<#rielgerft= 3 CantCarsldr | aadB!r|par>

= ;;, ICAAklzl@flfl‘i”M)l’
+2.§\ v CaniCarild!|r|aad(lr]|dad (9%)

A AL
{Ad> A'X)

The MO cross-section thus depends on matrix clements between a true
molecular final state ¢/, and goed approximations to atomic orbitals $aa.
The strongly attractive potential near cach atomic center will furthermore
tend to make ¢/ in the near-nuclear region look very much like the final-state
orbital for photoemission (rom an isolated atom at the same kinetic energy.
At XPS energies, the atomic continuum orbitals for all valence AQ's should
furthermore be very similar in oscillatory behavior, as the kinetic energies
are all very close for a given liv. It can further be argued that it is the region
near the nucleus in which most of the non-zero contributions to the matrix
clements {¢/ |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 rom atomic carbon in Fig. 9. Thus, it is only
near the nucleus that the initial-statc AQ's have sufficiently dense spatial
variations to yicld a largely non-cancelling contribution to Lthe matrix element;
in the diffuse, slowly-varying tails of the valence AO's between the atoms, the
oscillations in ¢/ will yield an approximale cancellation in the matrix element
integration. (This same argument is made by Gelius!7? using the more
approximate plane-wave final state.) The sgquares of each of the matrix
clements in Eq. (98) are therefore expected to be approximately proportional
to the corresponding atomic cross-section:

‘<¢!|r|¢11> szdl"/l),“‘mldﬂ
(erlqh,\)oc + (do g, A0dQ)} ©9)

and the final result for the molecular cross-section can be rewritten as
dox¥odQec T, |Cane|Hdoaa'A0/d2)
v SN

or

2y X (£)CantCare(don AR (dw  AOFAO) (100)
D (Ads &N

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

dox®00dQec Y |Caax|Hdoan'A0/d0) (101)
AX
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[ Caax|? is the net population of atomic orbital AA in moleculat-orbital &.
In applications of Eq. (101), the net population is ofien replaced by the gross
population P4,y defined as

Puax=|Cant]?+ ¥ CanrCaanlbar|paa) (102)
A .

{A v A)

although Eq. (100) makes it clear that this is only a very crude way of allow-
ing for overlap affects. Discussions of additional theoretical complexitics
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,!74-176 [
general, empirical relative atomic cross-sections are detcrmined 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.

2,

CF

4q, 3t, 1(2 lll,
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Fig. 11, Experimental XPS spectrum for the valence levels of gaseous CF4 (points) i.n
comparison with a theoretical curve based upon Egs (101) and {102). Relalive atomic
subshell cross-sections were determincd experimentally. MgKa radiation was wsed for
excitation. (From Gelius, ref. 172) .
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4. Solids and Valence-band Studies. X-tay pholoemission from solids has
been very successfully analyzed in terms of & three-step model first utilized
in ultraviolet photoemission studies by Berglund and Spicer.!?? The steps
Involved are: (I} a one-electron excitation occurring somewhere below (he
solid surface from an initial-state orbital & al cnergy £ 10 a Binal-state orbital
#/ with an cnergy E7 greater by v, (2) electron transport via #/ to the surface,
during which elastic and inclastic scaltering events may occur, and (3) pussage
of the electron through the surfacc, at which a small potential barricr may i
cause refraction or back-reflection (o occur. The electron states involved are
gencrally assumed to be characteristic of the bulk material. The one-electron
encrgies £ and £ may be measured with respect to the Fermi encrgy, the |
vacuum level, or some other reference; in any case £/ can be casi!y;qnjncclcd
with the measured kinetic energy Exin. An additional zeroth step involving T
penctration of the exciting radiation to the depth where excitation occurs™ |
might also be added (o this model, bul this has no significant conscquence
for XPS except at grazing incidence angles for which signilicant refraction and
reflection begin to occur,17. 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 elcctronic states might be questioned, and one-step theorctical
models in which the surface is explicitly included in the photocmission process
have been prescnted, 180, 181 However, the bulk photoemission model correelly
predicts most of the features noted in both UPS and XPS measurements on
semiconductors and transition melals, 57 182 and also permits separating oul
the various important physical aspects of photoemission. The presence of
distinct surfacc effects on the photocmission process cannot bhe discounied,
however,132 with one much-discussed example being a surface-state peak
observed in UPS spectra and other measurements on (ungsten,'® Primary
emphasis here will be placed upon the excitation step in the threc-step model,
as it contains those elements of the problem that arc most clearly refated to
the ground-state electronic structure of the sysiem,

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

In a crystalline solid, both initial and final orbitals will be Bloch fanctions
with wave veclors k and k/, respectively, so tha r(r} =y (r) = wy (F) exp (ik 1)
and )= A1) =1y s(r) exp (ikf'r), consistent with q. (37). Such an
excitation is shown in Fig. 12 on & plot of one-clectron potential encrpy
versus distance from the surface, In traversing the surface barricr, the clectron
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Fig. 12, One-clectron made! of photocmission in & metallic solid, shown as an cnergy-
level diagram superimposed an the one-clectron polential encrgy curve near the surface.
The initial and final states inside the solid arc assumed lo have Bloch-wave character.
Applicable conscrvation relations on cnergy and wave vector are also shown.

kinctic cnergy is reduced from its value inside the surface of Eqin’, ¢ by an
amount equal to the barrier height or inner potential Va. Vo is generally
mcasured with respect to the Icast negative portion of the polential encrgy
inside the crystal which occurs midway between the sirongly attractive alomic
centers. Detection of an electron propagating in a definite direction outside
of the surface implics a frec-electron orbital $y/(r)=Cexp (FK/-r} with
momentum P/ =fiK/, but it should be noted that K/ need not be precisely
cqual to k/. Onc obvious source of a difference between K7 and k/ is refraction
clfects al the surface barrier, which are only expecled lo conserve the com-
panent of wave vector parallel to the surface (k,/=K,7), but such eflecls
arc rather small in XPS cxcept for grazing-angles of electron cmission with
yespeet to the surface.'? A convenicnt convention for describing the electron
wave vectors involved in such a transition s to choosc the initial k to lic
inside the first or reduced Brillovin zone and the final k/ to be expressed in an
metamdad wnna cahama Thne inifial etalee nt ceveral differenl enereics mav
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possess the same reduced k value, but cach final stale is associated with a
unique kf value.

The basic onc-cleciron matrix clement associated with the cross-section for
excilation is most generally wrillen as ('{t.f|A-V]«fx,‘}. This represents the
anc-clectron anatogue of Bq. (60). 1 is then a simpie matler to show!* (ht
the translational symmetry propertics of Bloch functions [g. (37} imply
that this matrix clement can only be non-zero when k and kf are related by o

reciprocal lattice veclor g:
K =k+g (103)

Transitions satisfying this scleclion rule are termed “dircet™, and have heen
found to be very important in the analysis of UPS spectra and other oplical
absorption experiments from a varicly of materials.®- 132 A( the higher
cnergies of excitation involved in XPS, it has been painted oul by Raird
ef al.1%5 that the wave vector ky, associated with the exciting x-ray in XPS
has a magnitude sulliciently large that it must be included in this wave-
vector conservalion equation:

k/=k+g+kar {104)

For example, wilh /v=1486-6¢V, |k/|x2nfAex19:7 A-U for wvalence
emission, |kre|=2nfA=0-7 A-L, and (ypical magnitudes of the reduced
wave veclor are |k| <20 A-L Transitions violating such sclection rules arc
termed “‘non-direct™, and can be induced in various ways, far cxample, by
interaction with lattice vibrations (phonons), by the introduction of atomic
disprder, or by considering cmission from very localized valence levels (Tor
example, rare-carih 4f) for which the localized initial and final hole slales
suppress the elfects of translational symmelry. Shevehik® has recently made
the important observation that phonon effects may lead to an almost total
ohscuring of dircct-transition cffcets in the XPS speetra of mast malcrials
at room temperature. Phonons with a range of wave veclors Kphonon are
created or annihilated during the excitation process in a manncr complelely
analogous to thermal diffuse scattering in x-riay dilTraction,’®? with the uel
clicet that only a certain fraction of the transitions are simply describable in
terms of Eq. (104) (for which kppenon <€Kk). This fraction is most simply
estimated from the Dehye-Waller factor, as discusscd in more detail in
Section VI.D.2. Further study of such phonon effects is needed to assess
quantilatively their importance, but they do appear to provide a likely
mechanism whereby all occupied k values can contribulc to XIS spectra, cven
if electrons are collected along only a finile solid-angle cone with respect to
the axes of a single-crystal in an angle-resolved experiment {sce further
discussion in Section V1.1D.2},

IT it is assumed for the moment (as in most prior XP'S studies) that direet
transitions are important, the total rate of excitation of clectrons (o a given
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energy E/ will be given by a summation over all allowed k — kf transitions
in which energy and wave veclor conservatjon are satisfied. Also, for experi-
ments at non-zero lemperature each transilion must be weighted by the
probability of occuption of the initial state, as given by the Fermi function:

!
“exp (E-ERkT]+ 1

F(E) (105)

This Tunction allows for the thermal excitation of clectrons lying within
~kT of the Fermi leve!, Finally, each transition can be weighied by an average
probability T for escape without inelastic scaliering or back reflection at the
surface, which will depend on both Ef and kf and can be denoted T(E/, /).
The average indicated is over various depths of excitation below the surface,
The final result will be proportional to the no-loss photoelcctron spectrum
finaily observed. and is thus given by

N(Erin)= N(E/+ D)= N(E+hv + A)
< T §IKBHEY AV (ED ]2
Occupled

hands

x F(EYT(E!, W)S{E! — E— hv)8(k! ~k —g—kp) d% (106)

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

In evaluating the matrix elements in this equation (o permit comparisons
with XPS spectra, Kono ef a7 have assumed an orthogonalized plane wave
for the final state ¢,/ and a tight-binding (or LCAO} initial state ¢,. Similar
analyses have also been carried out more recently by Aleshin and
Kuchcrenko,!® and in Section V1.D.2, the application of a simpler form ol
this model (o the analysis of angle-resolved XPS valence spectra from single
crystals is discussed.

Scveral basic simplifications of Equation (106) have often been made so as
to obtain a rather direct relationship between obscrved XPS spectra and the
initial density of electronic states p(£).™ Most of these simplifications cannot
be made in considering UPS spectra, by contrast. The average no-loss escape
function T(E/, k/) will be essentially constant for all of the high-energy
clectrons in the XPS valence spectral region, and so can be eliminated. In
UPS however, T(E7, &/} 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 out_at or below room tem-
perature, it is adequate Lo set it equal lo a unit step function. A lurther

-simplification that can be justified in several ways for XPS but not UPS is
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that the summation and integration in Fq. {106) ultimately yicld Jor a poly-
crystalline specimen a result of the approximate form

MEn)cae{lv)p(E) (107)

in which ag{lie) is a mean pholoelectric cross section for the initial states at
encrgy £ and p(F) is the density of occupied initiat states al energy E. The
steps in this justification involve first noting the highly frec-electron charncter
of the very high energy final states in XPS (that is ds2zcxp (fk/+1)). Because
the free-clectron density of states is proportional 1o (£7), this results in an
essentially constant Lotal densily of final states into which valence emission
can occur.’2 Furthermore, the refatively short clectron 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/ thal
is larger than the mean Ak spacing between final-state bands at a given encrgy,
and so permits ali initial states in a polycrystalline specimen 1o 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
hy Shevchik.'® Finally, Baird, Wagner, and Fadley have carricd out model
direct-transition calculations for single crystals of Au's and AI' in which
all matrix elements were assumed 10 be equal and the only k/ smearing
included was associated with a finite spectromeler acceplance aperiurc;
summing spectra predicted for all mean emission dircctions with respect 1o
the crystal axcs gave results essentially identical to the densily of oceupied
states, suggesting again that all initial states arc cqually sampled. Thus, there
are several reasons (o expect XPS specira from polycrystalline matcerials 1o
have a form given approximately by Eq. (107).

XPS has been utilized to study the valence electronic structures of many
solids. 2. 109-193 Examples of comparisons between experiment and theory
for the three principal classcs of solids (metal, semiconductar, and insulator)
arc shown in Figs 13,1%1 14,192 and 15,7 Here, total densitics of initial states
p(E) are compared directly with experiment, in some cases after a suitable
broadening has been applicd to theory to simulate natural and instrumental
tinewidth contributions, These comparisons show that all of the main leatures
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-scction effects. For example, in Fig. 15, the dotied curve
indicates an cmpirical estimate by Ley er al.'® of the relative cross-scction
variation that would be necessary to yicld ‘agreement between experiment and
Eq. (107) for diamond. The form of this curve is furthermore consistent wirh
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
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reached for diamond in a recent more quantitative calculation of the matrix
clements involved.!# 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 thal observed peak positions in general agree very well
with those in the densily of states. Thus, XP’S has proven to be a very direct
method for studying the density of slales. ,

In summary, for studies of densities of stales in solids, both UPS'and XPS
exhibit cerlain unique characleristics and advantages. Somewhat better
resofulion is possible in a UPS mcasurement, primarily due to the narrower
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Fig. 13. XPS valence spectrum for polycrystalline silver excited by monochromatized
AlKa radiation in comparison with a theoretical densily of stales. Curve a is the raw XPS
data, curve b is the data afier a smooth inclastic background correction has been sub-
tracted, and curves ¢ and d represent 1wo different lineshape broadenings of the total thco-
relical density of tates according o Eq. (138). These broadenings thus include effects due
10 both lifctime ond shake-up type excitations in the metal, Note the steep cut-off in the data
near £r=0, which can be used lo determine the instrumental resolution function. {(From
Darsic and Christensen, ref. $91.)

radialion sources presently available, Also, UPS spectra conlain in principle
information on both the initial and final density of states functions, together
with certain k-dependent aspects of these functions. The inlerpretation of an
XPS spectrum in terms of - the initial densily of stalcs appears to be more
dircct, however, Also, the cffects of inelastic scattering are more casily
corrected for in an XPS spectrum (cf. Section [1.E), Finally, the two techniques
arc very complementary in the sense thal they are controlled by cross-sections
which may have different relative values for difTerent bands, thereby providing
further information on the Iynes of slates involved.
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Flg. 14. XPS valence spectrum for a silicon single crystal cleaved in vacuum (points),
togeiher with a calculated to1a) density of states (bottom curve), and a density of states

broadened by the instrumental resolution function. Excitation was wilh mnnoc_hromalir.cd
AlKaz. The spectrum has been corrected for inelastic scaticring. The encrgy lfvcau'ons ol stale
density primarily due 1o various high-symmelry points in the reduced Drillowin zone are

also indicated, (From Ley ef al., vef. 192))

E. Inclastic Scattering in Solids

Inelastic scaticring acts to diminish the no-loss photoclectron current for
any type of specimen (gas, liquid, or solid). The processes involved can be
one-clectron excilations, vibrational excitations, o, in certain solids, plasmon
cxcitations. As il is in measurements on solids that inelastic scatlering plays
the most significant role in limiting no-lass emission to 8 mean depth of only
a few alomic layers, only such ellecls will be considered in detail here,
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Fig. 15. Vn_lcncc spectrum for diamond (points) in comparison with a calculated density
of states (solid histogram}. The. dotted curve is an empirical estimate of the mean cross-

the detailed theoretical band structure along various high-symmetry directions in the
reduced zone. The incident radiation was monochromalized AlKa, The specirum has been
corrected for inclastic scattering. {From Cavell e/ al,, ref, 193.)

Inelastic scallering in solids is generally discussed in terms of a characteristic
tength for decay of the no-loss intensity. Specifically, il a monoenergetic flux
Na al cnergy Fyin is generated at a given point, the no-loss Mux N remaining
after traveling a distance / is assumed to be given by an expoaential decay law

N= No exp_[-—ll/\e (Ekln)] i (108)

where A. 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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accurs affer pholoclectron excitation by means of what arc often refecred to
as “extrinsic"’ loss processes. “‘Intrinsic™ losses can however occur during
cxcitation!™ and arc discussed further in Section VI.0B,

Such attenuation lengths are usually determined by mensuring Auger or
photoelectron peak intensitics from uniform overlayers with varying thick-
nesses comparable in magnitude to A.. Powell?? and Lindau and Spicer2!
have recently presented very thorough revicws of attenuntion lenglh measurc-
ments in the 40-2000 ¢V range of most interest in XPS, and an on-going
compilation of A, values is also available through the National Physical
Laboratory, U.K.\% Powell's summary of experimental valucs obtained in
various studies is shown in Fig. 16, (Note the log-log scales.) All datn points
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Fig. 16. Summary of experimental values for the electron inclastic attenuation length A
for various solids. (From Powell, ref. 20.)

lie roughly on.a common curve, which has been termed the “universal curve™

of altenuation 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
energics?! reveals a minimum in Ap at ~30-100 ¢V and an increase al lower
encrgies corresponding to typical UPS experiments, Thus, surface sensitivity
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is & maximum in the 30-100 ¢V kinctic-energy range. For the log-log plot
of Fig. 16, the higher encrgy data are faitly well described by a single straight
linc that ultimately yields an empirical cnergy dependence of the lorm

 Ac(Exin)oc{Exn)® 52 (109)

This relationship is useful in rough estimates of A variation frofm peak 1o
peak in a given specimen, although between different materials it is certainly
nol very reliable.

Powcli2® and Penn!® have also recently discussed various theoretical
models that can be used to predict attenuation lengths at XPS kinelic
cnergies in terms of microscopic system clectronic properties. Penn divides
the attenvation fength up into two parts invelving core- and valence-level
cxcitations according to a reciprocal addition proccdure expected il the two
types of losses are independent of one another:

t | 1

f\o. total Ae. core Ae. valence

(110

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

N 4Exin
Ag, =2-55% 10" ME —In{ —— 11t
¢, core kln/P; E: [AE{] ( )

in which M is the alamic or molecular weight of the solid, Exin is in cleciron
volts, p is the densily in g/em?®, Ny is the number of electrons in the ith
subshell at cncrgy Er, and AE¢ is the mean cnergy loss involving these electrons
(always grealer than Eir= EyFUi)). Ag, valence i5 delermined by assuming that
plasmon excitations arc the dominant loss processes,!? a situation thal can
also be shown to yicld an overall relationship very similar to Eq. (11 1)z0
and the final resulls permit estimating XPS Ae values lor ali elements and
compounds, albeit by means of a rather simplified modcl. 1n conncclion with
such estimates, it is cxpecled that ratios of A values for a given element or
compound will be much more accurately determined than absolute values;
this is a very usclul result, as it is such ratios that are involved in quanlitative

analyses of homogencous systems by - XPS, as discussed lurther in the nexl .

scction,

As a final comment concerning electron attenuation lengths, it has -also
been pointed out by Fcibelmant®? 198 that Ag may vary in magnitude fram
the bulk of a specimen to its surface because of changes in the dominant
mode of cxtrinsic inclastic scaltering (for example, from bulk- to surface-
plasmon excitation). Thus, A need not be an isotropic constant of the

material, although it does not much deviale {rom {his for a [rec cleclron
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F. Photoclectron Peak Intensities

1. Introduction. The quantilative interpretation of x-ray photoclectron
peak intensitics requires developing a model for predicling their magnitudes
[rom various propertics of the cxcitalion source, specimen, ¢lectron analyzer,
and dectection system. Detailed discussions of such models have been
presented previously by Krause and Wuilleumicr1®? for emission [rom gascs
and by Fadley!? for emission from polycrystalline solids. A brief oulline of
the essenlial assumplions involved will be presented here, followed by a
summary of several important special cases for cmission from solids in the
next scction.

In gencral, the photoclcctron peak intensily Ne produccd by subshell &
can be calculated within a three-step-like madel by integrating the diffcrential
intensitics Ny originating in the various volume elements of Lhic specimen.
Each of these differential intensilics can be writlen as the following product,
in which x, y, z denotes position within the specimen:

X-ray Nux Number of atoms (molccules)
(1N;;= x

atx, y, 7 indx dydz
" Diflerential cross- [ Acceptance solid angle of
x | section for k subshell electron analyzer al x, y, 2
Probabtlutg for l:n-lqss . Instrumental
x| cocape Tort spectmen | .| detection (112)
with negligible .
- efliciency
dircction change

In most spectromeler systems, a non-monochromatized x-ray source with
a broad flux emission pattern is utilized, and for this casc il is reasonable Lo
sct the x-ray fAlux equal to some constant valuc fo over the entire specimen
volume that is active in producing detectable photoclectrons. This assumpl jon
is valid because (he exciting radialion is attenuated much more slowly with
distance of travel into the specimen than are the clectrons as they escape [rom
the specimen. Thus, the region active in producing no-loss electrons is
exposed to an essentially constant flux. Exceptions lo this situation are mano-
chromatized x-ray sources for which a focused beam is produced,” as well
as grazing-incidence cxperiments on solid specimens in which x-ray refraction
al the surface much increases the x-ray aticnuation with distance below the
surface,17- 178 178 Neither of (hese special cases will be considered [urther
here, but refraction effects are discussed in Scction VI.C,

The acceptance sofid anple {2 of the elcctron analyzer will vary over the
specimen volume, becoming zero for those points from which cmission is
tatallv nrohibited by the electron optics, €, as well as the effective specimen



70 C. 8. FADLEY

area A over which 010, also may vaty with electron kinctic ehergy, as
discussed previously in Sections ILC.I and 11.C.2,

The probability for no-loss escape from the specimen, which can in the
present context be written as T( &g, K, x, b 2), is most simply given by an
cxpression such as Eq. ( 108) involving the eleciron atlenuation length,
provided that elastic scatlering events that change direction but not energy
are neglected. k7 thus specifies the direction of clectron motion along the path
iength / from the excitation point x, y, z. In gases, such an escape probability
must also take into account variations in density (and thus also Ag) along
the electron trajectories,

The instrumental detectjon efliciency Dy 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 efliciency thus allows for all non-idealities in the analysis and
detection system, and it can also depend on Eyy,.

If the atomic or molecular density in cm-3 jis denoted e(x, », 2), the
differential intensity element thus becomes

dNe=19-p(x, y, z) dx dy dz-%'ﬂ(fmn, X, ¥, 2)
‘T(Ean, K, X, 3, 2)- Do(Exin) ~ (113)

or fora uniform-density, but bounded, specimen:

dNr=1lo-pdx dy dz-%%-ﬂ(ﬂm, x, 5, 2)
exp [~ /Ao Exin)): Do(Exin) (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 1o obtain usefulexpressions for tota} peak intensity
Nx lor the idealized Spectrometer shown in Fig, 17,17, 178 The specimen
surface is assumed (0 be atomically fat. The specimen s taken (o he poly-
crystalline to avoid single-crystal anisotropies in cmission200 (sec discussion
in Section VI.D.1). An exponential inclastic attenuation Jaw ns in Eq.
(108) is assumed, and’ elastic eleciron scattering cffects are neglected,
For a given kinetic energy, the electron spectrometer js further assumed 1o
act as though a mean solid angle Qg is applicable over all specimen volume

included in the projection of an cllective aperture A, along the mean electron’

emission direction (dotted lines jn Fig. 17). Both Qg and A, may be functions
of the kinctic energy Eyin. The mean emission direction is assumed (o be
at an angle @ with respect 1o the surface, The exciting radiation s incident at
an angle ¢ with respect to the surface, and, due to refraction, the internal
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Fig. 17. Ideatized spectrometer geometry for calculating photoelectron peak intensities
from sofid specimens.

angle ¢:" may be less than $2. Such refraction (and reflection) cilects only
occur for 251717 17 and will not be included here, although they are
bricfly discussed in Section VI.C. The angle a between the mean incidence.
and exit-dircctions is held fizxed at between approximately 45° and 105° in
most current XPS spectrometers,

Within the approximations quoted above (which are very nearly achicved
in a number.of practical spectrometer systems), it is possible o derive intensity
expressions for severni important cases: t7. 178, 201

{a} Semi-infinite specimen, rtomically clean surface, peak k with Exin= Fy:

Ne(0)=TIoQo(Ex) A o(Ex)Do(Ex)p(dor/dQ)A o(Ex) (115)

This case corresponds to an optimal measurement on a homogeneous
specimen for which no surface contaminant Jayer is present. The expression
given permits predicling the absolute peak intensities resulting for a given

'3
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specimen, or, of much more interest in practice, the relative intensilics of the

various peaks. I absolute intensities are Lo be derived, then the incidens flux
I must be determined, as well as the kinetic cnergy dependences of effective
solid angle (g, cllective specimen arca Ao, and delection efficiency Do. In
relative intensity measurements in which the quanlity of interest is NefN,
for two peaks k and k’, Jo will cancel, although QoAeDy nced not due Lo ils
kinctic cnergy dcpendence. The densily p of the atoms or molecules on which
subshell k or k' is located may be known beflorchand, or may also be the
desircd end result in quantitative analyses using XPS. The differential cross-
scction dogfdS2 can be calculated by the various methods discussed in
Scetions 111.D.2-111.D.4. For core levels, the tahulations of eay by Scoficld, 15t
combined willh the By values given by Reilman et al. % provide a suitable
means for estimating doxf/dC2 with good accuracy within the framework of a
onc-electron-transilion model. Possible effects of multi-clectron processes
on the use of such cross-sections are discussed in Sections IH.D.1 and V.D.
Within a given specimen, Ao(Ex) can be estimated from Penn’s treatment, 9!
or. more simply, its dependence on kinetic energy can be assumed Lo lollow
the empirical squarc-root dependence ol Eq. (109). Note that there is no 8
dependence in N within this simple model, a prediction that has been
verificd experimentally by Henke;!7® this behavior is expected to hold as long
as @ is not made so small that the edges of the specimen lic within the
aperture A7 323

{b) Specimen ol thickness f, atomically clean surlace, peak k with Exjn= Ex:

Ni(0) = [6Q0( Ex) Ao( Ex) Do(Ex)p{dor/dQ) Ae(Ex)
x [t—exp{—t/Ae(Ex)sin )] (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 ¢ not be
so small that the specimen edges lie within Ae).
{c) Scmi-infinite substrate with uniform overlayer of thickness (—
Peak k lrom substrate with Euin= Ex:
Ni(0) = [eQo(Ex) A o Ex) Do(Ex)pdox /A o(Ex)
‘ x exp (—1fAe'(Ex) 5in 0) {17
Pcak { from overiayer with Eqn=Ei:
Ni(6)=ToCo(Er)A B(El)Do(El)P'(dU{/dn)Ag'(E{)
x [1—cap (—~tfA'(E)sin0)]  (118)
where
A«(Ez) =an attenuation length in the substrate

Ae'(Ex)=an aticnuation length in the overlayer
p=an atomic density in the substrate
" =an atomic density in the overlayer,
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Overlayer/substrate ratio:
Ni(9) _ Qa(E)A o( E)Do(ED)p' (der/dQ) A" (E1)
Ne(0)  QolF)Ao(Ex)DolEx)e (] ox]AQ) A o Ex)
x [I —exp (—1/Ac'(£) sin Dexp (t/A"(Ex) sin 0 (19

This case represcals 2 much more common experimental situation in which
the primary specimen acts as substrate and possesscs an intentional or
unintentional contaminant overlayer {for cxample, oxide on a melal or a
layer deposited from the spectrometer residual gases). Substrale peaks arc
attenuated by inclastic scattering in the overlayer, an cffect that is much
enhanced at low 0. The overlayer/substrate ratio is thus predicted to increasc
strongly as 0 decreases, an effect that suggests a general method for increasing
sutface sensitivily by using grazing angles of electron escape; such angular-
dependent studics are discussed in more detail in Section VI.B.

(d) Semi-infinite substrate with a non-attcnuating ovcrlayer al fraclional
monolayer coverage—Peak k from substrate: Eq. (115).

Peak { from overlayer: -

Ni(8) = IoQo(E) Ao E) Do(£1)s"(dor/d Q)sin )" (120a)
Overlaycr/substrate ratio: ]

N(0) _ Do(E) Ao E) Do Er)s'(derfdC2)
Ne(0) Qo(Ex)Ao(Ex)Do(Er)s [dox/dDNA o Ex) sing)ld

5. PoAEQo(EAo(E1)(doy/d)d (1200)
1 s | DolED)Qu(Ex} Ao Ex)(dor/dQ)A ¢ sin 0
with
s'=the mean surface density of atoms in which peak [ originates in

cm~3
s=the mecan surface density of substrale atoms in cm-?2

§'[s=the fractional monolayer coverage of the atomic species in which
peak [ originatcs
d=the mean separation between layers of density s in the subsirale
(calculable [rom s/p).

These expressions are uscful in surface-chemical studies at very low exposures
to adsorbate molecules (s'/sS [), as they permit an estimation of the [ractional
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 A¢’ of case (c) is both difficult to estimate and dubious in its
application to such thin, non-macroscopic layers, and also becausc il repre-
senls & 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, nssessments of the potential
elfects of surface roughness on XPS peak intensities have been made by
Fadley e al.t7. 292 [i is found that roughness can appreciably afTect both
absolute and relative intensitics, especially for systems with inhomogeneitly

as measured vertical to the surfacel™ 202 with much depending upon the

dimensional scale of the roughness relative to the attenuation lenglhs for
x-rays and electrons involved. Roughness effects on angular-resolved
measurements are discussed further in Section V1.B, and in considerably
greater detail in other sources.1?. 202, 203

As a final comment concerning the equations presented here, it should be
noted that, for complete generality, an angle-dependent instrument response
function R(E}, 0) must be included as a further factor in all of Eqs (I15)-
(120). The definition and determination of this response function are discussed
elscwhere.t?: 202 1t j3 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.? A further important properly 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 8,

3. Applications to Quantitative Analysis. The first detailed experimental

tests of the simplest mode! for intensities originating in a uniform specimen
represented by Eq. (115) above were carried out by Nefedov ef a/.1% and
Carter er al.2™ The study by Carter ef al. made use of Eq. (94) to avoid the
necd of evaluating symmetry parameters, Eq. (109) for the cnergy dependence
of allenuation lengths, and an empirically-determined instrument factor
Q0o(Ex)Ao(Ex) Dol Ex). The Scofield calculations?s! provided Lhe cross-scctions
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 intensitics (or
clemental scnsitivities) by Wagner?® and Jorgensen and Berthou.2 In
gencral, agreement to within + 10% was found, Powell and Larson297 have
more recently considered the use of the same model from 4 somewhat more
exacl viewpoint, including a discussion of potential errors associated with
determining experimental peak areas that are directly relatable to alt of the
processes involved in the differential photoelectric cross-section, Specifically,
from 207 to 507, of the one-electron differential photoelectric cross-section is
expected to appear as low-energy satéllite intensity due to many-clectron
effects (cf. discussions in Sections 11.F.1 and V.D.2). All of the lactors 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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tleaned surfaces, the agreement hetween experimental and theoretical relative
intensitics wag ~ + 5%, Thus, there are good reasons to be oplimistic that
XPS can be used for quantitative analyses of well-prepared homagencous
specimens with this accuracy, For systems exhibiting inhomogeneity near the
surface (for example, a substrate/overlayer geometry), additional problems
arc encountered because al least two regions are involved, but, especially
when coupled with angular-dependent measurements,'”  accuracies of
~ 1 107 again seem achievable (sec also discussion in Scction V1.B), Thus,
XPS does have considerable analytical potential, particularly as a near-surface
probe that is at lenst complementary to, and probably somewhat more
quantitative and less destructive than, electron-excited Auger clectron
speciroscopy (AES). Powell®o8 has recently comparatively reviewed the use
of XPS and AES in surface analysis.

1V. CORE ELECTRON BINDING ENERGY SHIFTS

A considerable [raction of XPS studies 1o date has been involved primarity
with the precise measurement of core electron binding energics, and in
particular with the measurement of chemical shifis in these binding ¢nergics.
Such chemical shifis in fact provided much of the recent impetus for (he
development of XPS.3 The technique is rather uniquely qualified for such
studics, as the usual x-rays utilized (MgKa=1254 ¢V and AlKa=1487 eV)
can penetrate to levels well below the vacuum level. The more common
ultraviolet radiation sources presently limit UPS (o valcnce 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 excile outer core
levels with EpY 5300 eV, 15.200 ,

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 cnergy,
with typical experimental widths of approximately 1-10eV. The widih
observed for a core photoelectron peak depends upon several factors of both
inherent and instrumental type. The most important inherent sources of
width are:

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

{2} various possible values for the final state energy FA(N-1, K), as
represented for example by multiplet splittings, multi-clectron effects, or
vibrational broadening (sce Section ¥}, 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 mostL important instrumental sources and their typical

£
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magnitudes are:

(1) the exciting x-ray linewidth (approximately 1-0 ¢V for AlKa without

monochromatization and approximately 0-4 ¢V with),

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

0-3 ¢V for 0-03% resolution al Exin= 1000 eV), and
{3) non-uniform charging of the specimen (variable magnitude, as dis-
cussed in conneclion with Eq. (2)).

The minimum core linewidths observed to date have been a few tenths of an
¢V AL 210 Thys, provided thal the vasious inhcrent sources of linewidth and
non-unilorin charging arc not oo large, it is possible in principle to measure
chemical shifts of the order of 0-1 ¢V between two or more photoclectron
peaks resulling from emission from the same subshell.

Il the same atom A is considered as cxisling either in two chemically
inequivalent sites in the same compound labelled 1 and 2 or in two diflcrent
compounds which can be similarly labelled 1 and 2, then the chemical shift
AEs of the k clectron binding energy can be written simply as the dilference
of two binding cnergics. For gaseous specimens with vacuum-referenced
binding cnergies, this means thal

AEY(A, k, 1-2y=(Ev¥ (k)1 - (Ex¥ (%))
=(Em)a—(Exin)1  (gases) (zn

where A, k, 1-2 represent the minimum number of parameters reguired to
specily a chemical shift, that is, the atom and level, and the two chemical
sites or compounds involved, Here, we have neglected charging effccls. For
solids with Fermi-referenced binding encrgies, the corresponding cquation is

AEWF(A, k, 1-2) = (EvF (k)1 —{EnF(K))a
= (Eank~ (Exinhi + (Papect)z— (Papecth + (Voa— (Ve (122)

where possible effects due Lo spectromeler work function changes or
diffcrences in charging potential have been included. Provided that both of
Ihe latter ellects are negligible, Eq. (122) simplifies Lo a form jdentical 10 that
of Eq. (121),
AEWF(A, k, 1-2)=(EuT (k)1 —(EuF(K))
=(Exin}a—(Exinh  (solids) (123)

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

AL VA L N_AGFA b 1SN —(da (124)
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Thus, in directly comparing vacuum-rcferenced theorctical calculations and
Fermi-referenced cxperimental values, it is required to neglect the work
function differcnce between the two solids, (fn)t—(fa)z. In mosi work to
date, no serious elfects of work function differences have been observed,
although there is generally more scatfer on a plot of measurcd chemical
shifts against calculated chemical shifts for solids than en a corresponding
plot for gases. % 3t This additional scatter could be connected with
refercnce level effects or specimen charging or both. Toth of these effects
deserve further study.

The theoretical interpretation ol corc-level chemical shifis has been
attcmpted at various levels of sophistication, with each Ievel providing a
certain degree of agreement with experiment and interpretive ulility. Several
reviews of these procedurcs have becn prescnted previously,3. 4. 7. 8. 109
and therefore only a bricl outline of the most important models, their uses,
and their limitations will be given here. These procedures will be considercd
in approximate order of descending accuracy. From the outsct, it is clear that
the major goal of such analyscs is to derive chemically-significant information
concerning the initial state clectronic structure of the system. Various final’
state complexities (scc Section V) can tend at times to obscure the initial-
state chemical information, but it has nonethcless proven possible to derive
it relatively straightforwardly for a number of systems.

‘The most accurate calculation of any binding cnergy shift must in general
involve determining two binding cnergies, 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 cnergy when
calculations are performed at a given level. Various procedures for calculating
binding cncrgies have already been discussed in Sections I1TLA and 1TLB.
Relalive to a Koopmans' Theorem approach, corrections due to relaxation,
relativistic, and correlation efTects must be considered, as summarized in
Eq. (55). A chemical shift in such binding energies between two chemically-
incquivalent sites or compounds labelled 1 and 2 is thus

AEWY(A, k, 1-2) = (Eu¥ (kD1 — (En¥(K))z
a —{ex)1+(ex)2 = (8Ereinx)1 + (8 Ercrax)a
4 (8Erctat)1 ~ (6 Erorat)s + {8Ecorr)1 ~ (8Ecorrha
or
AE[.V(A, k. 1—2)‘-" —AII:"'A-(SErelu.)+A(SErclal) +A(8Ecorr) (|25)
In view of the physica! origins of the relativistic and correlation correclions
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. bul probably Lo a Jesser degree, for relaxation correclions, Thus,
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il"l many cases, il Would be expmled tha! A(SE.-.,]“), A(sEreh,[), and A(BEN")
would be considerably smaller in magnitude than the individual corrections
to cither (EnY(k))1 or (EpY(k))e, and therefore that the Koopmans® Theorem
value —Aex would represent a quite good approximation to the chemical
shift AEnY¥(A, k, 1-2).19% (This need not always be (rue; however, and we

discuss both below and in Section V.B a few specinl examples in which -

A(8E:re1ax) is very large.) For similar reasons, the quality of the wave function
ulilized in obtaining e is ofien not as critical as might be imagined, That is,
approximate wave funclions with the same degrée of sell-consistency for
both systems | and 2 may yield a reasonably accurate value of Aex (which is,
alter all, a small perturbation primarily due lo 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 shifis from ~Ae
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 10-20eV
higher than the experimental binding energics due to relaxation. In Fig. 18,
experimental Cls binding energies for different gaseous molecules are
compared to s 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(8Ereins), A(SErernt),
and A(3Ecorr), chemical shifts should be calculable from these orbital energies
with an accuracy roughly equal to the scatter of points about the straight
linc or £1ev. %8100

Although the use of Koopmans’ Theorem imr estimating binding energy
shifts from reasonably accurate molecular-orbital calculations can thus be
expecled to yield fairly rcliable values for well-chosen compounds, il is
especially important to be able to include thé cffects of relaxation in such
calculations. Such effects are treated in more detail in Section V.B, but al this
point it is appropriate o 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 al21%.213 and is termed the transilion-stale or transition-
operator method. In this method, relaxation effects 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 adjusted so as to
involve an eflective 1/2 occupation number as far as electron-clecteon inter-
actions invoiving the kth spin-orbital from which emission is 1o occur. For
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Fig. 18. Plot of carbon s binding encrgles caleulated via Koopmans® Theorem against
experimental binding encrgies for several carbon-containing gaseous molecules. For some
molecules, more than one calculated value is presenated, The tlope of the straight line is
unity. The two scales are shifted with respect to one anather by 15eV, largely due to
relaxation effects. All of the theoretical calculations were of roughly double-ze(a accuracy
or better. (From Shitley, ref. 7.)

the fictitious “(ransition state” thus calculated for each initially-occupiced
spin-orbital, negatives of the onc-electron energy cigenvalues yield estimates
for binding encrgics that should include relaxation effects to second order,
Comparisons of core- and valence-electron binding cnergy calculations for
He, Li, Be, Ne¢, and Ar 212, 213 dg indeed show that this method yiclds results
in very good agreement with the more laborious procedure of calculating and
subtracting accurate 1otal energies for both the initial and final stales.

The next approximation moving away from the Koopmans' Theorem
method lor calculating chemical shifts is the potential model thal was used in
the earliest quantitative discussions of chemical shifts by Sicgbahn er al? and
Fadley er al.'% 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 intrn-
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

e
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overall electroneutrality. These net changes thus account in some way for
the displaccment of clectronic 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 applicd to a wide variety of
systems with considerable success.3. 4. 193 214-219 More recently, it has been
terined a ground-state-potential model (GPM)2'% (o emphasizc its usual
neglect of final-state efTects (cspecially relaxation). Consider an alom A wilh
a charge g4 sitvated in an array of aloms to which it is somchow bonded,
The binding cnergy of the kih electron in this alom can then be cxpressed
as a sum of lwo terms, one inlra-atomic frec-ion term and one extra-atomic
potential:

Ep¥(k) =Ep¥(k,qa)+ 4 (126)
Compound Free ion of Potentlal due
charge ¢4 to sl other stoms

The first term is a binding energy for the kth electron in a free-ion of chargeqa
and the second term is the total potential due to alt 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,.

vear T L (127)

where the summation is over all atoms cxcept that of interest in the array. 1f
the array is a crystal, then ¥ represents a convergent infinite sum that is
closely related to the Madclung energy of the solid.'?3 Thus, bolh terms in
Eq. (126) may be relatively easy to oblain for a number of systems. Calcu-

lating a chemical shift using Eq. (126) gives
AEyY(A, k, 1-2)= En¥ (k. q4, J—Eo¥(k, g4, )+ V1— V2 (128)

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

The difference of frec-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 ¢4, 2 10 ga, 1. In the
first analyses based upon the potential model, Fadley e al.195 calculated such
changes for removal of successive valence electrons from various ionic stales

“ it Vlewiena Bacl palenlalinn
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and Koopmans® Theorem. These results are presented in Figs 19-21, 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 Icvels shift by very ncarly the same amount. This
is basically truc also for Br and Cl, although as the atomic size decreases
there is less constancy in the core shifls, with ouler orbitals showing slightly
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Fig. 19. Koopmans® Theorem free-lon binding encrgy shiits causcd by the removal of a
valcnee 5p electron from various configurations of lodine, plolicd against the lecation of
the radial maxima for the various orbitals. The configurations arc: +4=5s33p, +J= 5:8p2,
42558503, + [e=5535p4, 0= 55%5p%, and — | = 55%5p%. The solid curve shows the classical
shift resulting from the removal of an-clectron froum a thin spherical sheil of charge with the
radius of the 5p maximum, (From Jadley ef 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 4/ clectrons over-
lapping considerably with the core electrons, the corc 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 Lthesc results arc qualitatively
consistent with a very simple classical model of the interaclion between core
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Fig. 20. Calculated free-ion binding cnergy shifts caysed by the removal of » valence
4p clectron from bromine, plotted as in Fig. 19. The confligurations are: 4 2=4s¥p3,
+ 1 =45%4p%, 0=4524p%, and — 1 =4s¥4p", (From Fadley ef of., ref. 105.)

and valence electrons. The valence clectron charge distribution can be
approximated by a spherical charged shell of radius ry, where ry can reason-
ably be laken Lo 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 1o gfry, where g is the 1otal charge in the
valence shell. If the charge on this shell is changed by 8q, the potentials, and
thus binding energics, of a/f the core electrons located well inside the shell
will shift by an amount 3EyY = 8gfry. Such classical calculations are shown
as the solid lines in Figs 19-23 and are found 1o give results that correclly

predict the trends in relative shifis from subshell to subshell, as well as being _

in semi-quantitative agreement with the absolute magnitudes of the more
accurale Hartrec-Fock calculations. In general then, all core electrons which
overlap relatively little with the valence shell are predicted (o shift by approxi-
mately the same amount, and. this prediction is verified experimentally, 103
The magnitude of the shift per unit change in charge should also increase as
the valence shell radius ry decreases, as is illustrated for the case of Eu. A
more accurate eslimate of 8E,V/8¢ lor any atom is given by the change in
Hartree-Fock e 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 clectron from chlorine, ploticd as in Fig. 19. The configurations are: +2=3523p0,

+1=35s"3p4, 0=25*3ps and - | =3s*3p*, (From Fadlcy er of,, ref, 105.)

this will be given by Jr-vatenee — Ki-valence (spins parallel) or J&. yatence (spins
u.nti:parmllci). As the core-valence exchange integral Ky varonee will he of
significant magnitude only if there is appreciable overlap between (he core and
valence orbitals, we can neglect Ky varence in comparison 10 Jx vatence. {IFor
example, in cachon, Jy,, g,=22-1 ¢V, Kie,2e=1-4 ¢V, J1y 2p=20-8 ¢V, and
Kis, 2p=0-6cV.) Thus, SEyY/8, should be approximatcly equal to Jx valences
the c?rc-valcnce Coulomb integral. The magnitude ol such Coniomb integrals
are, in facl, found to be in good agreement with the shifls calculated in
Figs 19-21 for I, Br, and CL. As a final point, the free ion term 6LlyYiS, is
of the order of 10-20 eV/electron charge for essentially all clements.

IF the potential ferm V in Eq. (126) is now considered, it is found that jis
valuc also will he of the order of 10-20 eV for a transfer of unit clectron
charge from onc atom 1o its nearest néighbors,. 195 a5, for example, in a
highly ionic alkali halide crystal. Furthermore, for a given molecule or solid
the frec-ion term (8£,Y/3,)- 8¢ will be opposite in sign 1o ¥, s J* must account
for the fact that charge is not displaced 1o infinity, but only to adjacent atoms
during chemical bond formation, Thus, both the frec-ion and potential lerms
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Fig. 22. Calculated free-ion binding encrgy shilts causcd by the removal of a valence
2p cleciron from fuorine, plotted as in Fig. 19. The configurations are: +2=2:32p7,
1 =25%2p1, 0=2572p", and — 1 =25*2p%, (From Fadley ef al., rcl. 105.)

in Eq. (126) must be calculated with similar accuracy if the resultant binding
cnergy (or chemical shilt) 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 clectron chemical shifis,” ® and the detailed theoretical justifi-
cations for them have becn discussed by Manne, 318 Basch,317 and Schwartz.?!8
For cxample, Siegbahn ef al.4 and Gelius ef al.3!1 have been able to describe
the core binding energy shilts for a variety of compounds of C, N, O, F,
and S with the following equation:

AEwY(A, k, 1-2)=Caqa+V+1 (129)

where 2 represents a (ixed reference compound. The various atomic charges
q¢ in each molecule were estimated using CNDQ molecular-orbital theory,
and these charges were then substituted into Eq. (127) lo compute V. Then
(he constants C4 and / were determined empirically by a least-squares fit 1o
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
narticular. the narameters Ca are found to be rather close to the Is-valence
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Fig. 23. Calculated free-fon binding energy shilts caused by the removal of a valence
4f electron from europium, plolted us in Fig. 19. The configurations are: + 3=4f", +2=4f7,
+ [ =492, and 0=4f76s%. Nole the non-constancy of the core-level shifts by comparison
to Figs 19-22. (From Fadlcy er al., ref. 105.) .

Coulomb integral Ji,.vatence computed for atom A. Thus, Eq. (129} as
utilized in this semi-empirical way is consistent with a somewhat more exact
theorctical model. Nole, however, that all molecules arc not adequately
described by this model and that, for example, the points for CO and CSz
lie far from the straight linc predicted by Eq. (129). As might be expected, if
an orbital cnergy 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 thc potential model proposed by Davis er a7 a
series of chemical shift measurements on core levels in all the atoms of several
related molecules are vsed to derive a sell-consistent set of atomic charges. For
each atom in each molecule, the measured chemical shift is written in terms
of undetermined atomic charges as

'

Ev"(A, k, 1-)=Ca'qa+et ¥ (130)
ird TAl

where C4' is sct equal Lo Jis-vatence for atom A. The resultant sct of equations
is solved sell-consistently for the g4 values on each atom. Such calculations



86 C. 8. FADLEY
T T T
CF‘.
10~ ~
=
2
& i
s -
h-)
4
[ 3
2
o
o -
0 5 10
chA' Yille¥)

Fig. 24, A comparison of the experimenta! carbon 1s chemical shift valucs for several
molecules with shifts calculated using the potential modet of Eq. (129). The shifls were
measured relative to CHu. The parsmeters of the stralght Jine were Ca=219 Vfunit
charge and f=0-80 ¢V. (From Siegbahn ef al., ref. 4.)
on a series of fluorinated benzenes2!? 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 shifls associated with each of the groups bonded Lo
the atom of interest, and has been developed peimarily by Gelius, Hedman,

and co-workers.2!1. 220 Each proup shill is assumed lo 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 A in a
given compound is thus written as

AEy(A, k, 1-2)= Y. AEy(group) (3n

T groups

where 2 constitutes some reference compound against which al! of the group
shifls are determined. The applicability of this procedure has been demons-
trated on a large number of carbon- and phosphorous-containing com-
pounds,®!!1. 220 and a summary of results obtained for phosphorus compounds
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Fig. 25. Alomic charges for the various Nuarinated benzencs as calculated by the CNDO/2
mcthod and as derived experimentally (“"ACHARGE™) from chemical shilt medsurements
on carbon and fluorine and Eq. (130). Charges are in units of 17100 of an clectronic charge,
The filled circles represent average hydrogen charges, (From Davis o al,, rel, 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 3g(group) on the central atom and also posscsses essentially the
same intragroup atomic charge distribution regardless of the other groups
presenl. Then both the frec-ien and potential terms in Eq. (1206} become
simply additive for dillerent groups, as is required in Eq. (131). In addition,
however, the group shift can be considered to include empirically an approxi-
mately constant intragroup relaxation correction, thus going somcwhat
beyond a ground-state potential model in one scnse.

Some of the first analyses of shift data were performed simply by plotting
AFEy against atomic charges which were estimated by various procedurcs,
among them CNDO or extended-Hilckel calculations, or most crudely by
clectronegativity arguments. The implicit neglect of the potential terms of
Eqs (126) and (128) in such a correlation of AEy against g4 can, however,
lead to a rather wide scatter of the poinls about a straight line or curve
drawn through them. Hendrickson ef al. 23 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 & systemalic increase in £y, 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 electronegativily correlation
has proven adequate is the halomethanes. Thomas??? expresscd the Cls

ra
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Fig. 26. A comparison of measured phospherous 2p chemical shifts with shifls calculated
using Lhe group shilt model of Eq. (131). The compounds were studied as solids. (From
Hedman ef al., rel. 220.)

shifis between CH,4 and a given halomethane as a linear combination ol the
clectronegativity differences between the various ligands present and
hydrogen:
AEyY(Cls, halomethane-CH)=C Y (X1— Xn) (132)
T

where C is an empirical conslant, X; is the ligand electronegativity, and Xy
is the electronegativily of hydrogen. Such a corrclation is shown in Fig. 27.
The explanation for the success of this correlation would scem to be as a
further simplification of the group shift approach, in which each monatomic
ligand induces a charge transfer 8q; proportional to X7— Xy, and the potential
term involved is also simply proportional o 8q; for a nearly constant carbon-
ligand hond length. Thus, the potential model of Eq. (128) can be reduced to
the Torm of Eq. (132). Such correlations should be used very cauliously,
however, as exceptions are relatively easy Lo encounter: for example, in the
series of molecules generated by adding successive methyl groups to ammonia
(NHa, NHz(CHj3), NH(CHa)s, and N(CHas)3), the Nlis binding energy is
observed o decrease with the addition of CHa groups,?23 in complete dis-
agreement with the greater positive charge expected on the central ritrogen
because X¢:> Xy The major cause of this discrepancy is believed to be the
grealer relaxation energy associated with the polarization of the —CHy
group around the Nls hole, 2 a type of effect discussed in more detail in
Section V_R.
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Fig. 27. Carbon Ls chemical shifts for halogenated methanes measured relative to CHy
and piottcd against shifts calculated on the basis of a sum of ligand-hydrogen clectro-
negativily diffcrences, as in Eq. (132). {From Thomns, rel. 212.)

Among thc other methods ulilized to analyze chemical shift data,
mention should alse be made of a procedure introduced by Jolly and
Hendrickson?24. 225 for relating chemical shilts to thermochemical data. In
this method, it is noted that to a good approximation the atomic corc ol an
alom with nuclear charge Z and a single core-level hole acts on any surround-
ing clectrons in an cquivalent way to the filled core of an atom with nuclear
charge Z+ 1. I the core electron overlap with the outer clecirons 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 alom, Table 1 summarizes the results of highly-accurate
numerical Hartree-Fock calculalions by Mehta, Fadley, and Bagus!?? for
atomic Kr with various core-level holes and its equivalent-core analogue
Rb+l, With neutral Kr as a reference, the (ractional decreases in average
subshell radii | — {rard{{rnt>o are tabulated lor dilTerent core-hole locations in
Kr+l and for the equivalent-core species Rb'), For the equivalent-core
approach to be Tully valid, these lractional changes should be nearly identical
between frue Kr hale states and Rb*t, thus indicating the same degree of
inward relaxation around both a core hole and a nuclear charge (hat is
incremented from Z to Z+ 1, For the various {rue hole siates in subshelis
that can be designated motofnote, the fractional decreascs in {rye) range from
~ 0 [or subshells with 7S paje up to 1% lor the outermost dp orbital, The
cauivalent-core Rb'! orbilals by conlrast show sienificant relaxation in all



TABLE 1

Average radii for the various subshells of neutral Kr {ra:>,, together with the fractional changes in average radii between neutral

Kr and all possible core-

hole states. The changes between neutral Kr and the equivalent-core ion Rb~ are also given. The units

for {rat>e are bohrs. The Kr+ values are divided into those for # < mote and 7> Mhote, (From Mehta er al., ref. 102)
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subshells, with a range between 3% for |x and 11% for 4p. Relaxation for
subshells with # €no1e is thus much overestimated by the use of an equivalent
core, whereas for n> npote, the overestimates range from only ~0-1% in
absolute fractional radius change. Thus, the equivalcnt-core model is a
reasonable and useful first approximation, although it is certainly expecied
to overestimate relaxation effects due to core-hole formation,

In applying the equivalent-core model to chemical-shift analyses, it is
assumed®24. 228 that an exchange of cores can be made in the final-state ion

. without appreciably altering the valence electron charge distribution or

equilibrium nuclear geometry, (The resulis in Table | for the 4s and ap
subshells suggest that this is a good approximation.) Thus, in considering
core-level emission [rom a species containing nitrogen, an O** 152 core can
be exchanged for the N*¢ [e= N+8* core, where the asterisk denotes the
presence of the 1s core hole. Such core exchanges can be utilized to write
binding energy shifls in terms of thermodynamic heats of reaction, and hence
to predict either shifts from thermodynamic data or thermodynamic data
from shifls. As one example of the application of this procedure, let us con-
sider Is pholoclectron emission from gascous NH3 and Ng as chemical
reactions in which the eleciron is assumed to be formed exactly al the vacuum
level and therefore. with no kinetic energy:

NH3 —+NHgt+* +e~: AE,=E,Y(Nls, NHj)
Ng—Nat*4e: AEs=EpY(N!ls, Ny)

These reactions are endothermic with inlernal energy changes AF, and AF:
given by the ts binding energies in NHy and Ng. Subtracting the second -
reaction from the first gives

NH3+Nz'*— NHa'"*+N3: AE=AE,—-AF
- = Ep¥(Nls, NH3)— En¥{Nls, Ng)
=AFpY{Nls, NH3 = Ny)

with an internal energy change precisely equal (o the Nis chemical shift
helween NHa and Na. However, this reaction involves the unusual and very
short-lived species Na'* and NH3'*. Now, it is assumed that the N5'* core
can be replaced by the O%* core in either N2'* or NHa** with only a small
gain or loss of encrgy that can be termed the core-exchange encrgy Af,.
As long as the corc-exchange encrgy is very nearly the same in both Ny**
and NHj'*, then the overali energy change associated with the reaction is
not affected by core exchange. That is, we have a final reaction of

NHa+NO*— OHat 4+ Na: AE=AFEyY(NIs, NHa—Nz)+ AEce —AEce
=AELV(N1s, NHa—Ng)
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TFherefore, the chemical shift is equal to a thermodynamic heat of rcaction
involving well-known species. This procedure has been applied to an analysis
of 15 shills in compounds of N, C, O, B, and Xe, and very good agreement is
obtained between experimenial AE), values and thermochemical estimates of
these shifts. Such a comparison for nitrogea Ls is shown in Fig, 28, This
analysis is closely relaled Lo the isodesmic processes discussed by Glark,® and
is also reviewed in more detail by Jolly!3 in this series.
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Fig. 28, Plot of experimental N1s binding encrgy shifls relative to N lor several molecules
versus values calculated using cquivalenl-core exchange and thermodynamic dala. The
slope of the linc is unity. {From Jolly, ref. 225.)

Finally, a few other methods in which core electron binding energy shifts
can be uscd should be meationed;

(1) Allempts have been made to derive bonding information from relative
hinding cncrgy shiflts of differeat 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 shill
by Lhe same amount as inner core levcls, especially if relatively penctrating
valence fevels are present as in Eu, Such relative shifts of differcnt levels can
for certain cases be simply related to the basic Coulomb and exchange integrals
involved, and then utilized to determinc propersties of the valence electron
charge distribution. In particular, the relative shifts of the inner core 3d,
and valence Sp, levels have been measured for iodine in various aikyl iodides
and HI, and these shifts have been found by Hashmall er a/.22¢ 1o be con-
sistent with a simnle bonding model of the compounds involved, More
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recently, Aono ef /227 have carricd out a similar relative shift study of rare-
earth compounds thal quantitatively confirms the non-constancy of the
intra-atomic free-ion shifts as predicted, for example, for Cu in Fig. 23.
 (2) In another type ol analysis, ‘core-level chemical shifts Tor scveral
homologous scries of the form RXH with X=0, N, P, and R =varions
substituent groups have also been found lo be approximately equal (o relative
proton affinitics.??® Martin er al.22® have explaincd this correlation by noting
that the removal of a core electron from alom X to form a positive hole
involves very ncarly the same set of R-group rclaxation energics (and 1o a
less important degree also potentiaf energics) as the acddition of a proton.
Thus, changes in X-alom core binding cnergy with R arc expected o be
approximatcly equal to changes in proton affinity with R, even though the
absolute magnitudes of the two quanlities are very different; this has been
found to be true for 2 rather large number of small molecules.?2#

(3) Tt has also been proposed by Wagner22? that the difference in kinelic
encrgy belween a core pholoelectron peak and an Auger clectron peak
originaling totally via core-level transitions in the same atom can be used as
a sensitive indicator of chemical state that is [ree of any uncertainty as lo
binding cnergy reference or variable specimen surface charging. This dilfer-
ence, which has been termed the *Auger parameter”,?2? changes with altera-
tions in chemical cnvironment because Auger energics are influenced much
more strongly than photoclectron encrgics by final-state relaxation 230 28t In
fact, Auger energy chemical shifts are roughly 3-4 times as large as corre-
sponding corc binding energy shifts.22® Although a precise theorelical caicu-
lation of such extra-atomic relaxation effects may be dillicult (sce, for
example, Section V.B), the Auger paramcler appears to have constderable
potential as a fingerprint for different chemical statcs.

(4) Finally, attempts have been made to corrclate core binding cnergy
shifts with the results of nuclear spectroscopic measurcments such as
NMR232. 232 and Mdossbauer spectroscopy,? as revicwed elscwhere by
Carlson.!® NMR diamagnetic shielding factors have been compared with
core shifts, hut the difficulty of scparating oul diamagnetic and paramagnctic
contributions to shiclding have prevented extensive application of this type of
analysis. Also, binding energy shifts for a closcly related sct of tin compounds
correlate reasonably well with Masshaucr chemical shift values,2* bul no
delailed theoretical justification for this correfation has been prescated,

It is clear that the theorctical interpretation of core clectron hinding
energics or chemical shifts in these encrgies can be attempled in several ways
at varying levels of sophistication. When binding energics are calculaled by
the most rigorous total-energy-difference method, including perhaps corrce-
tions for relativistic effects and clectron-clectron correlation, values in very
pood agreement with experiment have becn oblained for scveral aloms and
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small molecules. This agreement verifies that all of the basic physical efTects
involved have been recognized and can be accounted for quantitatively, If
binding encrgies are calcutated from orbital cnergies via Koopmans® Theorem,
errors primarily due to neglect of final state relaxation are incurred. Such
errors can be from 19/ 10 109 of the total binding energy and can be estimated
in scveral ways. In calculating chemical shifs of binding cnergies 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 shifls, although anomalously large final-statc
relaxation around a localized hole represents an ever-presenl source of error
in such analyses (see also Section V.B). The interaction of a core clectron with
its environment can be simplificd cven further, giving rise lo several so-called
potential models with varying degrees of quantum-mechanical andfor
empirical input. All of Lhesc models can be useful in intcrpreting shifis,
although it may be necessary to restrict attention to a systematic sct of
compounds for the most approximate of them. The direct connection of
chemical shifts with thermochemicat heats of reaction via the equivalent-core
approximalion is also possible. Finally, it is worlhwhile to note that onc of
the primary reasons that chemical shifis 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 tusn, 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 camplexities in the final
state of the photocmission process will be considered. Considerable use wil
be made of the theorctical developments of Sections 11.A-D, from which it
is already clear that unambiguously distinguishing various final-state effects
in the clectronic wave lunction may not always be possible, primarily due to
many-clectron efects that might, for example, be described by a configuration-
intcraction approach. Thus, the first four lopics to be dealt with herc (relaxa-
tion phenomena, multiplet splittings, shake-up and shake-ofT efTects, and
other many-clectron cffects) are all very much interrelated, as will become
cvident from subsequent discussion. However, for both historical and
heuristic reasons, it is rcasonable to consider them scparately, using several
cxamples for which dislinctions can be made relativily casily. (Such final-state
clectronic efects have also been reviewed by Martin and Shirtey! in more
detail in this serics.) 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 HI.A and 1IL.D.

B. Relaxation Effects

The importance of relaxation corrections in accurately predicting binding
energics has been emphasized in several prior discussions in this chapter.
As a further example of how Iarge such effects can be, it has been suggested
by Ley et al.33 that relaxation is the primary reason why frec-atom vacuum. |

referenced core binding energics are higher by ~5-15eV than corresponding
vacuum-referenced binding encrgies in the pure elemental solid. Also, incrt

gas atoms implanted in noble metal Jattices have been shown by Citrin and
Hamann®® to exhibit core binding cnergies 2-4 eV lower than in the:f ree-,.-

atom state, again primarily due (o relaxation, In a systematic study’ofihe
Cls binding encrgy in a set of linear alkanes Callzn,a(n=1,2, ..., 13),
Pircaux et ol noted a monotonically increasing Cls chemical shifl
AEW(Cls, CHy-CpHzn,3) with n, and a small overall shift of 0-6 cV belween
CHq and Cy3Hzp with sign such that Cy3Hza has the fowest binding cnergy.
Transition-operator calculations for these alkane molecules indicate that the
relaxalion energy increases by almost 240 cV in going from the smallest
CHa to CiaHan; 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,2® with the binding encrgies 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 atloms
there are surrounding a given final-state hole, the more rclaxation ean occur
and the lower is the observed binding cnergy. .

The relaxation encrgy 8E:eiax can be unambiguously defined as the
difference between a Koopmans' Theorem binding encrgy — e and a
binding cnergy calculated by means of a difference of self-consistent
Hartrce-Fock total energies for both the initial and final states. Various
methods. have been utilized for estimating this energy in atoms, moleculcs,
and solids,!19-121, 235, 220-248 byt principal emphasis here will be on a
relatively siraightforward, yet easily visualized, procedure first used extensively
by Shirley and co-workers.121, 235, 239

In this procedure, 12t. 235, 239 {he relaxation energy for a given core-level
cmission process is divided into two parts: an intra-atomic term (the only
term present in the free-atom case) and an extra-atomic term that is important
in molecules or solids. The extra-atomic term thus includes all relaxation

LA
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involving electrons primarily siluated in the initial state on other alomic
centers, Thus, ’

aEm“ = §Eintra 4 S (!33)

relax relax
(This division ol the relaxation correction was, in lact, made in the (irst
discussion of the polential model for analyzing chemical shifts.195) The
calculation of these two lerms makes use ol a gencral resull derived, by Hedin
and Johansson,'*® which stales that, for emission from an initial orbital fy
in an atom of atomic number Z, the relaxalion encrgy is given to a good
approximalion by

8Eremx= x| P(IN=1,2)— P(N, Z)|¢s> (134)

in which P(N—1, Z) is the tolal clecironic Hartree-Fock. potential operaior
acting on the kth orbital in the (N —1)-clectron final state and P(N, Z) is
the anmalogous total Hartree—Fock polential operator for the N-clectron
initial state, (For a neutral atom, of course N=2.) The expectation value in
£q. (134) thus involves sums over Coulomb and exchange integrals between
¢ and (N —1) other spin-orbilals dy# ¢ Two sets of orbitals ¢ are also
needed, an initial-state set {¢} in P(N, Z)and a relaxed set {¢;’} in P(N— 1, Z).
The determination of the relaxed orbitals is now further simplified by using
the cquivalent-core approximation, such that the integrals involving
V(N- 1, Z) are replaced by inteprals for P(N+1,Z+]1), the neutral atom
with next higher atomic number; correspondingly, &: is taken to be an
orbital in atom Z + | in evalvuating these integrals. This procedure is reason-
able because the orbitals at larger mean radii than ¢x produce most of the
relaxation and such orbitals in neutral atom Z + 1 are very little different from
those in alom Z with a hole in the k subshell {(cl, Table i). Furthermare, even
though inner-orbital relaxation occurs (including rclaxation of ¢g), this inner-
orbital rclaxation is smaller (again see Table ), and thus the Coulomb and
cxchange inlcgrals between inner and outer arbitals change little in atom
7 + 1 relative to the truc hole state in atom Z.'21 Thus, the overall relaxation
energy becomes linally

sEroluu=i(<4’l'| Vl‘f’k)? rl‘("’kl r/l'ﬁk)?) (135)

with af! rclevant Coulomb and exchange inlegrals available from existing

tabulated data for atoms.'® Applying this calculation procedure to core .

emission from noble-gas atoms, Shirley??! obtained very good estimates for
relaxation encrgics as compared Lo direct total-energy-dillerence calculations,

The same procedure has also been applied to metals by Ley er al.,2% for
which the separation of Eq. (135) into intra-atomic and extra-atomic terms
yields formally

SErenx=1((Pr| P|frdai1 — (x| Pldadzyinirs
F4((e] Padzii— (e Pldadn)ests  (136)
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The intra-atomic term in Eq. (136) is calculable as described previously. ir
a free atom A is placed into a pure solid lattice ol the same specics and it
is further assumed that placement in the lattice has a small influence on the
initial-state Harlree-Fock energy cigenvalues € (corresponding lo an cxtra-
atomic potential effect of approximatcly zero), then the difference between
free-alom and solid binding cnergics is given simply by the extra-atomic
refaxation term for the solid:

EnY{A, k. atom)— Ew¥(A, &, solid)
=1({pe| V| dedz i1 — (e P]payzyreten (137

These cxtra-atomic terms have been derived?™ for a metal by assuming that
the conduction electrons polarize to such an extent that a screcning charge of
approximately unil magnitude occupics an atomic-like orhilal centered on
the atom conlaining the core hole. As a reasonable choice for this orhital,
that possessing the dominant character of the lowest unoccupicd valence
band in the solid is used, again togethcr with an cquivalent-cores approxi-
mation. Although this procedure overestimaltes screening because the orbital
chosen is too localized, it docs give approximately corrcct 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 dilfuse 45 because of filling of
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Flg. 29. Dillerences between vacuum-refcrenced free-atom 2p core bind_ing‘ cnergics and
analogous binding cnergies In the corresponding clemental metal. The ‘poinls represcnl
cxperimental values and the line calculations based upon Ey. (137). which assumes that
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by the filling of the 3d valence bands, (From Ly ef al., ref, 215 amcl 235),
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the 3d bands. Alternate calcutation procedures of a somewhat more rigorous
halure have also been proposed to explain such atom-solid shifis22e. 210-242,
including especially discussions of possiblc 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.

As noted previously (Section I11.B), it has also been pointed out by
Ley et al.18 that a localized-hole description can be used to estimate
relaxation encrgies nssociated with valence-level excitations in free-electron
metals. Such relaxation energies are calculated by assuming that in the final
state a full single-clectron screening charge occupies an initially unoccupicd
atomic-like valence orbital, Then, because there is minimal inner-orbital
rclaxation, the difference operator ?(N -1, Z)- P(N, Z) in Eq. (134) reduces
to the single terms Jynionce + K valence, ANd Lhe final refaxation energy is given by
1{dvatence l jvalcnee + Ryatence "ﬁvnlence) & Hdvatence Ifulenco I Puatenced =
iJ\mlencr, valence.

As a final comment concerning relaxation, the discussion surrounding
Eq. (77) and Fig. 8 should be recalled. That is, the occurrence of refaxation
requires by virtue of the Manne-Aberg-Lundqvist sum rule given in Eq. (77)
that additional photoelectron intensily arises at kinetic encrgies 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. Muliiples Splittings

Multiplet splittings arise from the various possible non-degencrate total
clecironic states that can occur in the final hole states of epen-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 bricfly introduced in Section HI A, and for most systems it is
adequate o consider a total spatial symmetry designation (e.g. L=0,1,2, ...
in atoms), a total spin designation (e.g. $=0, 1, 2, ... in atoms or molccules),
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
occupition provides cerlain extra degrees of freedom in forming total final
states relative to the closed-shell case via coupling with the unfilled shell left
behind by photoclectron emission. Multiplet efTects can occur for both core
and valence emission, as long as the valence subshell(s) are not totally occupicd
initially. Multiplet splittings also possess the important feature of being
describable in first order in terms of a single sct of ground-state Hartree-Fock
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one-clectron orbitals, Thus, electron-clectron correlation c.Ichls bcyunf{ {hc
ground-state Harlrce-Fock approximalion are nol cssential rm: prct!lchn;:.
that multiplet cfects will exist, although, as wili hc sh.nwn. the lr.lc'lusmn o
correlation cffects is absolutcly essentinl for quantitatively describing these
phenomena in certain instances, | ered
Multiplct effects involving core-level holes are very commonly cncou:‘ :r::n
in interpretations of the fine structure arising in x-ray cmission spectrad
and Auger clectron specira.d. #40-#8 However, it is ‘more recel.ﬂly ll}al such
effects were first recognized and studied in dgtail in connccllon‘w::l; core
x-ray photocleciron spectra of paramagnetic [ree molcc&t!&% . and
transition-metal compounds.P®. 35¢ Subsequently, numerous studics have- I?ccn
carricd out, including applications to systems containing both (ransition-
metal alomsh®. 157, 260 257 40 rare-earth atoms,15% 258-280 qnd g ‘fcw compre-
hensive reviews have appcared.262 298 Primary emphasis here will he on lh_c
clucidation of a few examplcs to illusirate the types of cffects noled and their
modes of interpretation, . ‘
As an introductory example of one Lype of mulliplet splitting rou.nd- in
XPS studics,®® 250 consider first the ground-state Hartree- Fock description
of photoemission from the 3s [evel of a Mn?* (ree ion, as shownl on l!1c lefi-
hand side of Fig. 30. The ground stale of this ion can be descrthcd‘ inlL,§
(Russell-Saunders) coupling as 3d3 85 (that is, S=1%, L=0). In this slale,
the five 3d spins arc coupled parallel, Upon ejecting a 3x eleciron, however,
two final states may resolt: 3538 55 (S=2, L=0) or 3s3d57S (S=I_!. L=0).
The basic difference between these two is that in the 85 slnle: the spin of the
remaining 3s electron is coupled anti-parallel to those of the live 3 clectrons,
whereas in the 75 state the 3s and 34 spins arc coupled parallel. Becxfusc the
exchange interaction acts only between electrons with parallel spins, the
%S enerpy will be lowered relative to the 85 encrgy because of lh.c favc?rnblc
cfTects of 35-3d exchange. The magnitude of this energy sc.paralro.n will lt:i
proportional to the 3s-1d exchange integral Xa,, 34, and will be given by

AlEy(35)] = E/(3s3d 5S) — EX(353d5 7S) = AEH(35341%)

= 6Ky, 34

3w, 3
=6-%- N :—<3 Padr1)Paa(ra)Pss(re)Paa(r1) dry dre (138)
o0 f>

where ¢ is Lhe electronic charge, r< and r are chosen o be the smaller and
larger of ry and rp in performing the integrations, and Pa{r)fr and Paa{r)/r
are the radial wave functions for 3s and 3d clectrons. The factor 1/5 results
from angular integrations involved in computing Kss, au. A- Hartrec-Fock
calculation of the encrgy splitting in Eq. (138) for Mn?! gives o value of
AFES(353d%) = 13 ¢ V.M. 250 As (his predicted splitling is considerably larger

e
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Fig. 30. The various final state L, § multiplets arising from 3s and3p photoemission from
a Mn®' fon. Within the § and 7 manifolds, separations and refative intensitics hiive been
compuled using simple atomic multiplet theory as discussed in the text, The scparation and
relative intensity of the 'S and 7/ peaks were fixed al the valucs observed for 3s5(1) and
313 in the MnFz spectrum of Fig. 31 to facilitate comparison with experiment. (From
Fadlcy, ref, 262.)

than typical XPS linewidths, it is not surprising that rather large 35 binding
ciergy splitlings have in fact been observed in solid compounds confaining
Mn?', and such splittings are clearly evident in the 3s regions of the first data
of this type obtaincd by Fadley ef al. #8. 25% a5 shown in Fig. 31. Roughly the
feft half of cach of thesc spectra represents 3s emission, and the spliltings
observed in MnFz and MnO are approximatcly one-half of those predicted
from Eq. (138). The primary reason for this large discrepancy in magnilude
appears to be correlation eflects due (o the highly averlapping character of
the Xs and 3d orbilals, as discussed in more detail below.

In considering further such core binding energy splittings in non-relativistic
atoms, it is worthwhile lo presentl a mare general discussion of the photo-
emission process, including the relevant scleclion rules.® 292,363 |f the
photoelectron is ejected from a filled af subshell containing g electrons, and
an unfilled n'l" valence subshell containing p electrons is present, the overall
photocmission process can be wrillen as

{(nly(n'l'yr RN (nh)? Y(n'l')r + photoclectron (139)
(edy (L, 5) (1, 51)
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Fig. 31. XPS spectra from three solid compounds cou(aining Mn in lhq kinetic cnergy
region corresponding to emission of Mn3s and 3p clectrons. The II'!IlIﬂ]-SlﬂlCllﬂnS presead are
Mn'23d% (MnFy, MnO}and Mn'434% {MnOy). Peaks duec to !nu!lmlct snll‘llmgs are labellcd
3s(h), 33(2), clc. Kea, 4 x-ray salcllitc struclures are also indicated. (From Fadley and

Shirley, rel. 86.)

Here, L and S denote the total orbital and spin angular momenta of the initial
N-elcctron stale and Lf and S/ represent the same quantitics for the final
jonic state with (N - 1) electrons. As (n)* is a fillecd subshell, its total orbital
and spin angular momenta musl both be zero and therefore £ and S
correspond to the orbital and spin momenta ol the valence subshell (n°f)7,
In the final statc, LY and $7 represent momenta resulling from the coupling of
(n)7-* (or, cquivalently, a single core-electron hole) with (n'f)?. The
transition probability per unil time for photoelectron excitation is pro-
portional to the square of a dipole matrix clement between the initial wnd
final slate wave functions (see Scction 1I1.D.] lor a delailed discussion), Ina
nearly one-clectron model of photocmission, this mairix clement can be
simplified to the sudden approximation forms given in Eqs (6R) and (74),
The selection rulc on one-clectran angular momentum is Af=/f—1= 1 1 as
stated previously, Conservation of lotal spin and {otal orbital angular
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momenla requires that
AS=85/~5=+} (140)
nnd
AL=L/-L=0, 1, £2, ..., $lor =L+ L+I-), ..., [L~1]  (141)
Also, the overlap factors in Eqs (68) and (74) yield an additionaf monopole
selection rule on the passive electrons, as introduced in Section [i1.D.1.
This rule implies that the coupling of the unfilled valence subshelt (n’/')?
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 §, Finally, any coupling scheme
for (nf}2 Y or (n’I')* must of course be consistent with the Pauli exclusion
principle. Since (n/)9-1 is assumed to represent a single hole in an otherwise
filled subshell, it must therefore couple to a total spin of 4 and a total orbital
angular momentum of /., Within this model, it has been shown by Cox and
Orchard!55 that the lotal intensity of a given final state specified by L/, S/
will be proportional to its total degeneracy, as well as to the one-eleclron
matrix clement squarcd. Thus, in Russell-Saunders coupling’
Fiol(LS, SN (257 + N2L/ 1) {142)
For the special case of alomic s-clectron binding energy splittings, the

relevant sclection rules are thus:
AS=S/'—S=14 (143)

AL=L/-L=0 (144)

and the total inlensity of a given peak is predicted 1o be proportional to the
spin degeneracy of the final state:

Tia(LS, SN o287 +1 (145)
Thuis, only {wo final states are possible corresponding to S/=S51+4, and the
relative intensities of these will be given-by the ratio of their mulliplicities,
or ho(L, S+1) 25+2

hell,5-1) 25
The encrgy separation of these two states can furiher be calculated from

simple alomic multiplet theory and is given by a result often referred 1o as the
Yan Vieck Theorem:t18

(146)

A[En(ns)]=EAL, S—4)—EXL, S+1) (147)
AlEw(n))={2S 4+ DKnse,n't' For §#£0 (148)
A[Ew(ns)]=0 for S=0 (149)

Here Kna, o's" is the ns—n'l’ exchange integral and can be calculated from

e re’

T efi — Pas(r1)Pact {ra) Pus{ra) Pur.(rs) dry drg (150)
1] pd

Kna. nl=
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where the same notation as that in Eq. (138) has been used. Equations
{146)~(150) indicate that such s-clectron binding encrgy splittings should
yield a doublet with a more intense component at lower binding energy
(corresponding lo an cxchange-favored final state of /=584 |) and 2 com-
pornient separation that is directly associated with both the initial state spin
and the spatial disiributions of the core and valence electrons as reflected in
the exchange intcgral. 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 5 splittings in rare-carth metals and compounds with varying outer 4f
subshell occupation numbers and spins $,25% 159 s summarized in Tig. 32,

2541
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Fig. 32. Experimental (points) and theoretical (lincs) 45 and 53 binding cnergy splittings
In various rarccarth jons. The AEvy values are caleulated using Yan Vieck’s Theorem
[Eq. {148)). Experiment and theory arc in excellent agreement for 55, but the (heoretical
splittings must be reduced by a factor of 0-55 to ngree with the 45 data because of corre-
lation effects. (From McFecly ef al,, ref. 259.)
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The solid lines connect calculaled values based upon Eq. (148) and are in
excellent agreement with experiment for the 55 splittings, whercas [or the 4s
sphittings, this simple theory must be reduced by a factor of ~0-55 to agrec
with cxperiment, These rcsulls alse 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, whercas the 55-4f
ovcrlap is much lower, decreasing it.

Conliguration interaction calculations on Mn3t by Bagus ef al.252 first
provided a more quantitative understanding of such correlation corrections to
intrashelt s-level splittings such as 3s-3d and 4s—4f. They pointed oul that, in
a CI description of the true Mn?* final slales corresponding to 3s emission,
several configurations would be of special importance in addition to the
usual one-clectron-transition hnai configuration as shown in the left half
of Fig. 30. {In writing such configurations below, numbers in parcnthcses
will denote the L, S coupling of the subshell to the left.) The 75 final state is
found to be composcd almost completely of 3s!(35)3p%1.5)345%(%5), the one-
electron conliguration, and so is not much perturbed by Cl. Another way of
saying this is that there is already strong cxchange correlation in .5, so that
the addition of CI is not so significant. The 35 final state is by contrast
expecled to have significant contributions from not only the one-electron
configuration ®,(35)=351(25)3p%(15)34%(%S), but also lrom configurations in
which it formally appears that onc 3p electron has been translerred down lo a
35 orbital while another 3p electron has been transferred up Lo a 3d orbital:
Dx(38) = IS2(LSVpA(PPYIdS(3Py), Ba(PS)=3s2(1S)3pA(AP)3d%(AP2) and O4(35) =
32183 DNAED). (The notations 34%3P)) and 3d%3Py) stand for two
independent ways in which 34% can couple to 3P.) Thus, there will be at least
a Tourfold manifold of 55 states, and the lowesl-energy member is expected to
be lowered significantly (that is, to move toward 75). In fact, the 55 stale
nearest 75 is found to be only 4-71 ¢V away, in much belter agreement with
the experimental splitting for MnF3 of 6-5 eV than the eslimate of ~13 ¢V
obtained from Eq. (138). Such intrashell s-level multiplet splittings can thus
only be predicted accurately when correlation is allowed for, whercas
intershell s-level splittings are, by contrast, well predicted by Eq. (148).
A further significant effect predicted by these Cl calculations for the Mn3" 55
stales is the existence ol additional experimental fine struclure. Specifically,
there are four 55 states at £y, Ez, E3, and Ey, that can be written to a good
approximation as

T1(33) = Cuuh1(85) + Cra2(35) + CraPa(®5) + Cra®s(55)
Ta(35) = C1 91 (55) + CazP2(38) + CaaPa(35) + Caa'i(3S5)
T3(38) = Co1®i{*S5) -+ CaaD2(35) + Caa®s(5S) + Ca4D4(°S)

Wa(35) = Cqy01(85) + Caae(55) + Ca3®s(3.5) + Caa®4(5S)

(15Y)
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As the initial staie is rather well described by a single configuralion
3s2(1.5)3Ip(L5)3d5(S) posscssing the d-clectron coupling of &y, the sudden
approximation result of Cq. (84) can imincdiatcly be used to show that the
four 55 intensities will be given by

th|Cu|2, fzd:lClez, IaOC[C:nlz, .I"u:):lC‘ul2 (152}

with the total intensity f(+ 7Tz +J3+74 still being proportional to the spin
degeneracy of 5. Evaluating the cnergies and relative intensitics in this way
yields a prediction of g total of only three observable 25 peaks (one is too
weak (o be seen easily) and one observable 75 peak in the Mn2! spectrum.
Weak struclures in good agreement with these predictions have, in [lact,
been observed by Kowilezyk ef al.,2" 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 inlensity
ratio 55(1)/75 in Fig. 31 or Fig. 33 is significantly below the 5/7 predicted by
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Fig. 33. Higher resoluwion Mn3s spectrum from MnFi obtained with monochromalized
AlKa radiation (cf. Fig. 31). The peaks 55(2) and %5(3) arisc from final-state configuration
interaction (correlation effects) according to Eq. (151). (From Kowalczyk ¢t al., ref. 251.)
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 intensilies of pecaks may
require including corrclation cflects, especially where intrashell interactions
dominate,

The first observations of s-electron core binding encrgy splittings analogous
to those described by Eqs (146)-(150) were in gascous, paramagnclic
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IFig. M. XPS spectra from the 1s core clectrons of the gaseous molccules Na, NO, amd
2. The 1« peuks from the paramagnetic molccutes NO and Oy are split due to Ninal-state
mulliplets, Diamagnetic N3 shows no splitting. {(From Siegbahin er al., ref. 4.)

molceules.- 249 Hedman ef al.219 found splittings as large as 1-5¢V in the

15 photoclectron spectra of the moteculés NO and Oz, These results are shown
in Fig, 34 along with an unsplit 15 spectrum from the diamagnetic molecule
Nz. In each casc, it can be shown that the obscrved cnergy splitting should
be proportional to an exchange integral between the "unfilled valence
molccular orbital and the Is orbital of N or O in analogy with Eq. (148).
Theoretical estimates of these splittings from molecular orbital calculations
give values in good agreement with experiment, . 197 as expected for such
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intershell interactions in which correlation effects are much decreased. The
obscrved 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 hinding encrgy splittings in emission from non-s core levels
is not as straightforward as for s-level emission, primarily duc Lo the fact that
Lhe core-electron hole represented by (nf)e-1 {which now has associated with it o
spin of § and a nron-zero orbital angutar momentum of /) can couple in various
ways with the valence subshell (n°/)» (which can have various spins $* and
orbital angular momenta L*, including the initial values S and L) to form a
final state with a given total spin 57 and total orbital angular momentum
LS. Thus. the number of allowed finnl states increases and their energy
separations will in general be determined by both Coulomb and cxchange

integrals through different coupling schemes. Additional complexilies nrising%@f :
for non-s levels arc caused by spin-orbit coupling and crysial-ficld aplitiings.~*

The simplest procedure for calculating such non-s cnergy separations is
again to use non-relativistic atomic multiplet theory.0. 250, 262, 203 Ag gp
illustrative -example, consider 3p electron cmission from Mn2+, as indjcated
in the right-hand portion of Fig. 30. For this case, (nf)e-1=3p5, (n'')P = 3d5
and the initial slate, as before, is 85 (S=4, L=0). The previously staled
selection rules imply that the allowed final states correspond (o 7P(S=3
L=1) and 5P (§=2, L=1). Although a 85 (5=2, L=0) final state would b,
consistent wilh sclection rule (141), it requires changing the coupling of
3d* from its initial 5 and so is not allowed. There is only one way for 3p% 10
couple with 34% 10 form a 7P state, that heing with 3p5 (always coupled 1o
lotal spin=s=4 and total orbital angular momenlum=/=1) coupled with
3d® in its inilial slate coupling of 5 (S'=§, L=0). However, there are three
ways to form the allowed 3P final state by coupling

3pMs=§,/=1) with 3d5 65(5"={, L"=0)
IPGE=4,1=1) with 3d%4D(5" =], L"=2)
and
pi(s=1,1=1) with 3d5 4P(S"=3,L"=1)
Thus, four distinct final states are possible for 3p emission from Mn2*, one
7P and three 8P, As there are off-dingonal matrix elements of the Hamiltonian
between the various 5P coupling schemes, 118 they do not individually repre-
sent eigenlunctions. The eigenfunctions describing the 5P final states will thus
be linear combinalions of the thece schemes:
- W1(5P) = Cy(8S) + Cra®(4D) + Cia(4P)
W3(BP) = Cu®(85) + Coa®(4D) + CoaD(*P) (153)
Ta(3P) = C1®(S) + Cazl(* D) + Caatb(1P)

*u
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where cach 5P configuration has been labelled by the 3d5 coupling involved
and the Cy’s are the usval expansion coeflicients. The energy eigenvalues
corresponding to these cigenfunctions will give the separations between the
3P stales. Such eigenfunclions and eigenvalues can most easily be determined
by diagonalizing the 3 x 3 Hamillonian matrix lor the 5P states, where each
matrix element is expressed as some linear combination of Ja4, 34, Kaa, 34,
Jap,3¢, and K3p, 3¢.%% 118 If Coulomb and exchange integrals fronva Harlree-
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,
becausc the initial state is rather purely 3d%(®S), only those components of
the 3P states represented by Cn®(*S) are accessible. Thus, the individual
intensities of Ty, "Iz, and Iy can be computed from |Cyt|2, [Cx |2, and
| Ca1 |2, respectively. In determining the total intensity ratios for the 5P and
P states, Eq. (142) can be used to give:

hot(3P) : hat(PP)=1H{"P)+ (OP)+ [3(®P)] : het(PP)=5:7

The relative pcak heights in Fig. 30 have been calculated in this way, and the
experimental 3s(1)-3p(1) scparation and relative intensity for MnFz were used
to empirically fix the scales between the 3s and 3p regions. The separations
and relative intensilies of the peaks observed arc found 1o be at least semi-
quantitalively prediclted by this simple, atomic L, S coupling modci,?e. 250
and these results have been confirmed in more detail by later experimental2ss
and theoretical?%® sludics. The remaining discrepancics between theory and
experiment for this 3p case could be caused by a combination of effects duc
to correlation, spin-orbit coupling, and crystal-ficld splitting, although
calculations by Gupta and Sen??® indicate that the latter two are probably not
so significanl. Ekstig er al35 have carried out matrix diagonalization
calculations like those described here but for more complex sets of final
Ip-hole stales in 3d transition netal aloms in an altempt to interpret sofl
x-ray emission spectra from solids, The theorclical aspects of calculating
such non-s splitlings have also recently been reviewed by Freeman et gl 23

Decper non-s core levels in 3d atoms should also exhibit simitar splittings,
althaugh the magnitudes will be reduced because of the deercased interaction
strengths hetween Lhe core and 34 orbitals. For example, Fadley and Shirley®®
first noted that the Mn2p levels in MnFs are broadened by ~ -5 eV relalive
to thase in low-spin (fitled subshell) compounds, and suggested multiplet
splittings as the origin of this broadening, Subscquent measurcments al
higher resolulion by Kowalczyk er al..2% coupled wilh theoretical caleulations
by Gupta and Sen,?57 have confirmed this suggestion, and also verified the
cxistence of peak asymmetrics and anomalous 2py-2p, separations, For this
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2p case, both ‘mulliplet cfTects and spin-orbit coupling arc of similar
magnitude, and were included in calculations that successfully predicied
the observed spectra, 257

Analogous non-s corc-level splitlings have also been studied in systems
with partially-flled f subshells, . 260, 266 and the anomalous shape and
decreased spin-orbit splitling in the Evdd spectrum of Fig. 6 is, in lact,
aliributabie to such effects,. 8

Although only multiplet effects on core-level binding cnergics have
been considered up to this point, such phenomena can play a considerahle
role in determining the fine structure obscrved in valence spectra (as has
been apparent for some time in UPS studies of frce muolecules®?). In
particular, XPS valcnce spectra obtained from solids containing highly
localized d levels or f levels are expected to be influenced by such multiplct
effects,?2. 156, 187, 261, 208, 267 wijihy (he selative intensities of various allowed
final states being determined by fractional parentage coeflicients, as described
in Scction 111.D.2 and elscwhere.!89. 157. 202 Heden er al.287 first observed
such cffects in valence spectra of 4f metals. As an example of the occurrence
and use of such splitlings in studies of rarc-carth compounds, the XPS
results of Campagna cf a/.2#! and Chazalviel er a/.2% show strong multiplct
splittings in the valence spectra of Sm-chalcogenides and a mixture of two
markedly dilferent multiplet structures in certain Sin compounds that are
thought to exhibit valence fluctuations between Sm*24f7 and Sm+3 471,
Some of these results for SmBq2% are prescnted in Fig, 35, in which the 1, §
multiptets expected for both Sm'2 and Sm*3 are labelled. Theoretical
inlensities have been calculated using fractional paremtage coefficicnts, 15
and the agreement between the theoretically simulated spectrum and experi-
ment is cxcellent. Bacr®d has also presented very high-resolution XPS
spectra for various 4/ melals that further conflirm the existenee of these atomic-
like multiplet effects. In analogous multiplet effects in valence o orbitals, the
inclusion of crystal-ficld effccts is also expecied to he important, as has been
cmphasized in a recent discussion by Bagus es al.157

In comparison to chemical shifts of core-clectron binding energies, multi-
plet splittings of core- or valence-encrgies thus represent higher-order efTects
yiclding a different type of information. In their simplest interpretation,
chemical shift measurements detect a change in the spatially-averaged
polential experienced by an electron, whereas analyses of multiplet cllcets
have the capability of determining the valence clectron configuration or the
detailed strengths of various higher-order clectronic interactions, The two
types of measurements are thus complementary, Numerous applications of
multiplet splittings measurements are thus possible in the study of the transi-
lion series metals, the rarc carths, the transuranium elements, and open-shell
systems in general,
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Fig. 35. Experimental and theoretical 4f valence spectra from SmBs, a “mixed-valence”
melallic compound believed to contain both Sm*3 4f% and Sm*3 4%, The intensitics of the
various final-state multiplets for Sm*-»Sm*® and Sm*3=$m* were computed using
fractional parentage cocfficients and are indicated as vertical bars. These calculations were
broadened by an empirically-derived function of the form of Lq. (138) to generate the final
theoretical curve. Monochromatized AlKa was used for excilation. (From Chazalvicl
el al., ref. 266.)

D, Multi-cleciron Excitations

L. fntroduction. In this section, several types of final-state eflects (and, to a
lesser degree, initial-state effects) that involve what appear to be “multi-
clectron™ excitations during the photoemission process are considered. The
terin multi-clectron is judged against a purely onc-electron description in
which no final-state relaxation occurs. From the oulsel, it is clear that rclaxa-
tion does occur, so that all transitions are indeed A-cleciron. Also, in a
conliguration interaction picture, the various mixtures of initial- and final-
state conligurations involved could easily make itimpossible to distinguish
clearly a one-eleciron component of photoemission. Nonetheless, all effects
discussed herc 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-olT),
but then comes (o involve more complex phenomena that are important in
XPS studics of certain atoms, molecules, and solids.

2. Shake-up, Shake-off, and Related Correlation Effects. Multi-clectron
processes in connection with x-ray pholoemission were first studicd in detail
by Carlson, Krause, and co-workers.13% In these studies, gascous neon and
argon were exposcd Lo x-rays wilh energies in a range from 270 ¢V 1o 15 keV,
Measurements were then made of both the charge distributions of the resulting
ions and the kinctic energy distributions of the ejected photoclectrons. From
these measurements, it was concluded that two-electron and cven three-
electron transitions occur in photo-absorplion, with (otal probabilitics which
may be as high as 209 for each absorbed photon. By far the most likely
multi-clectron process is a (wo-clectron transition, which is approximatcly
ten times more probable than a three-electron transition. Two types of two-
ciectron transitions can lurther be distinguishecl, depending upon whether the
second clectron is excited to a higher bound state {“shake-up™) or to an
unbound continuum state (“shake-ofT"*135), These are indicated in the transi-
tion below (cf. the corresponding one-electron transition in relation Eq.
(139):

Shake-up:

(nh)e(n'l')? =, (n)e-3(n’I"y?-Y(n"[")t + pholoclectron {154)
(L, 5 (24,57)

Shake-aff:
(nDe(n'lyp R ()Y (' F)P-Y En"I)! + photoclectron  (155)

Here (n'lI'}” represents some outer subshell from which the second electron is
excited; it can be filled or partially Glled. Either shake-up or shake-olf

. requires encrgy that will lower the kinetic encrgy of the primary photaclectron.

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

Higher resolution XPS spectra have been obtained morce recently for neon
and helium by Carlson e al.2% and for neon by Siegbahn e alAl. 270 A
high-resolution Nels spectrum obtained by Gelius ef a.27 is shown in Fig. 36.
The two-clectron transitions that arc believed to he responsible for the
obscrved spectral features labelled 2 10 14 occurring al rclative encrgics lrom
33 to 97 ¢V below the onc-clectron peak are listed in Table 11. The total two-
clectron 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-ofl
together account for ~30% of all emission events,

'3
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Fig. 36, Uigh-resolution shake-up spectrum associated with excitation from Nels in
gascous ncon. Table 11 lists the origins of the varfous satcllite peaks labelled 1-14. :l'he
Nels FWIIM was reduced to 04 ¢V in these measurements by using a monochromatized
AlK« source. {From Celius, ref. 270.)

Note that the inilial and final states given in Table 1[I are assumed to be
composed of a single clectronic configuration. This assumption, logether
with the sudden approximation as outlined in Section 1I.D.I, permits
predicting such shake-up and shake-off peak intensitics in a very straight-
forward way.!35 Namely, Eq. (75) is used for the relevant matrix clement and
it is noted that, in the passive-electron manifold, the only major change
occurring for a two-clectron transition is ¢u-r: — ¢n"r-, with all other passive
orbiltals-remaining in very nearly the same form, Thus, (¢,'|¢;)== -0 unless
the overlap involved is {$u-1-|$ar), and the probability of a given transition
is in simplest approximation20?

Pn'l'-.u't°cCNn;l'|<Rn't'IRn'l'>|2 (156)
where Ngep- is the accupation number of the n‘l’ subshell, and allows for a
summalion on myemye (which must equal my=m,-). Here the radial function
Rax+1- must be calculated in the final-state ionic potential, and Rap is n radial
function for the initial state. By virtuc of symmetry, the overtap in Eq. (156)
will only be non-zero if I"=/, a result that is often termed a onc-electron
monopole selection rule. Thus, for example, only 25— ns and 2p — np
monapole transitions yicld large intensities as quoted in Table II (although a
single, weak 2p — 35 dipole transition is also thought to be present). The
tolal symmetrics for the (¥ — 1) passive electrons are also predicled to follow a
monopole rule of the form predicted by Eq. (69)

AJ=AL=AS=AMs;=AMy=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 uscd with reasonable success in predicting
shake-up and shake-off intensitics in corc-level cmission from rare
Bascs, 4, 133,269, 37037L a5 well as from alkali-halides?™ Tor which the com-
ponent jons possess rare-gas configurntions. Some previous results for Nels
emission are summarized in Table 11, where calculated (wo-clectron peak
separations and relative intensitics are compared with experiment. The
various final-state configurations are noted and for this case the Yr(N-1)
of Eq. (69) corresponds 1o an unrefaxed Net 1525%2p® with an overall L, S
coupling of 2S. There is rcasonable agreement beiween 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.370 The necessity for this correction has been
explained as a 2p-2p correlation and relativistic error in the Hartree-Fock
calculation for the one-clectron 2p® final state that is of much lower magnitude
in the various 2p%1p two-electron final states because of the reduced 2p-np
overlap. Theoretical and experimental relative intensitics arc also in fair
agreement. It should also be noted in connection with these data that the
various L, 5 multiplets formed as final states must be considered. For
cxample, the peaks indicated as “lower™ and “upper*” in Table I§ are due
to a multiplet splitting of the same type noted on the right-hand side of
Fig. 30 for the 5P states of Mn?*, In the casc of Net, 25 states can be formed
in two ways from the same total conliguration 152522p%1p: onc in which the
15 electron is coupled with 2532p5np(15) and one in which it is coupled with
2522p%np(38).4 138 A similar effect occurs in 152s2p%s final states. Thus,
there may be considerable interaction between multi-clectron processes and
multiplet splittings, and a complete specification of the final stale 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
treatmenl. Martin and Shirley' have performed CI calculations for Ne and
the isoclectronic molccule HF that do indeed indicate that configuration-
interaction cffects can be significant. Their analysis proceeds vip an cquation
analogous to Eq. (83), from which it is clear that both final-state CI and
initial-state CI can complicate the calculation of intensitics by opening up new
options lor non-zero (Cyf)* Cyf products. In particular, the mixing of both the
15225228 and 1522522p%3p configurations into the initial state and the finat
slalcs corresponding Lo the observed peaks 0, 3, and 4 is found to signilicantly
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

o
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the simple theory outlined above, a result that is consistent with much stronger
intrashell correlation elTects.!3% 209 For example, Chang and Poe?™? have
recendly performed theoretical calculations for Ne2p excilation at Av 5200 eV
using more accurate many-body perturbation theory. Their results arc in
good agreement with available experimental data,

Similar core-level shake-up phenomena are also well known in mole-
culest 20%.270 and the same type of sudden approximation analysis as
represented by Eqs (69) to (74) has been used wilh some success to predict
intensilies.2?3.374 In conncclion with valence-level emission a recent CI
analysis of fow-encrgy satellite structure in CO by Bagus and Viniikka27
indicates that higher-order correlalion cfects are also highly significant, in
agreement with the similar conclusions reached previously lor atomic
valence-level shake-up,

3. Multi-electron Excitations in Metals. Processes analogous to shake-up
and shake-off arc also expecled to occur during core-level emission from solid
metals, where the form of the densily-of-slates curve above the Fermi
cnergy provides a continuous range of allowed one-clectron excitation
energics, 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 expccted is an asymmetric
tailing of the main peak. The detailed linc shapes associaled wilh such
processes in XPS core-level emission were first discussed by Doniach and
Sunjict™ and arc predicted to have the form:

cos [maf2+ (1 — ) tan-1 (Efy)] |

(B3 +yE)l-al2 (158)

IE)=

where
E=kinclic cncrgy measured from the threshold of the unbroadcned
one-electron-transition peak
y=the lifetime of the core hole
o=an asymmelry parameter

25 (24 1)(&fm) (159)
[}

81=the phase shift of the /th partial wave for clectrons at the Fermi
cnergy scattering from the core hole,

2y 1s thus the natural FWHM of the core-level. Il « =0 (as it is for insulators),
then I(E) merely reduccs to a Lorentzian lifetime broadening. The phase shift
&; thus has a meaning very close to thase discussed in connection with atomic

diferential cross-sections in Section HI,D.2 (cf, Fig. 9).
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Citrin?™? first pointed out that XPS metal spectral shapes cxhibited an
asymmetry suggestive of Eq. (158). Fhe first quantitative tesis of the applica-
bility of this line shape for describing such spectra were perlormed by
Hiifner, Wertheim and co-workers.# They fitted Eq. (158) (o core spectra for
various simple metals and transition metals, empirically choosing the best
values of y and a. The specira were corrected for instrumental resolution
effects, but not for inelastic scattering. Examples of such a comparison
hetween theory and experiment for Au and Pt™ arc shown in the right-hand
pancls of Fig. 37. 1L is significant here that Au with a tow density ol states near
the FFermi level shows a much lower degree of asymmetry than Pt with a high
density of states near the Fermi level. Hiifner, Wertheim efal.*Mconcluded that
this linc shape does well describe the peaks observed in these metals, and that
the values of ¥ and « oblained were physically reasonable. Similar conclusians
have becn reached in several other studies,!1%. 191 and it thus seems likely that
such shake-up-like effects do exert a significant influence on linc 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
holc.1%4. 278 Syuch “intrinsic™ plasmons are distinguished from the “extrinsic™
plasmons created during photoelectron escape from the material, although
they occur at the same encrgy and are thus rather diflicult to resolve from
the experimental inelastic tail. Debate still continues as to how important
intrinsic plasmons arc in XPS spectra,?”® 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-carth Compounds, Very
strong low-kinetic-energy satellite lines were first observed in a study of
Cu2p core levels in compounds such as CuS and CuO by Novakov?®,
Similar results obtained more recently by Frost ef /.28 are shown in Tig. 38,
and it is clear that the satellite peaks have intensitics comparable ta those
of what might be referred to as the one-electron-transition peaks at lowcest
apparent binding energy. The appearances of thesc satcllites also depend
strongly on chemical state, being most inicnse in cupric compounds
containing Cu'? 34% jons, and almost unobservable in cupric compounds
conlaining Cut*! 3d1? jons. Similar strong satellites also oceur in the
core spectra of other open-shell transition-metal and rarc-carth com-
pounds,1!4. 283-280 They are thus much higher in relative intensity than the
10-30%; expecied from typical atomic-like shake-up processes, and a great
deal of discussion has gone on concerning their origins. Summarics of
experimental data, as well as analyses of various proposed modcls, appear
in scveral prior publicalions, !4, 280-334

The most plausible explanation that has emerged for such cffects is a
significant involvement in the final state of a ligand-to-mctal charge transfer
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Fig. }7. 4/ core specirn from polycrystalfine Au and Pt {points) in comparison to & best
fit of the asymmetric tine shape predicied by Eq. (158) {curves). In the right panels, the
data have been corrected by deconvolution of the instrumental line shape, but no correction
for inclastic scattering cffects has been made, ‘The instrumental line shape was desived from
the form of the cut-off ncar Ep (cf. Fig. 13). (From Hifner and Wertheim, ref. 84.)

that resulis in a 3d or 4f configuration with one more d or felectron than in
theinilial stale.!14. 252,283,280, 286 This jdea was first suggested and qualitatively
discussed by Wertheim cr al.1'4 for satellites in 4 compounds and by Kim?2#3
for 3d satellites. The importance of such 3d® — 3d#+! and 4/ — 4fn+1
configuralions is not surprising, since they represent an atiempl Lo screen
very ellectively 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. 2pi. § and 3¢, 3p core-level spectra from the copper compounds CuQ), Cu20,
Cufly, and CuCl, The low-energy satcllites are very strong in Cu'? 34* compounds (Cu(),

CuCla), and very weak in Cu't 34/ compounds (CnO, CuCl). {From Frost ¢r al.,, rcl,
281.) ’

and those used by Ley er al.2%% (o describe conduction-gleciron screcning in
metals (cf. Fig. 29 and discussion in Seclion 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 becn
presented by Larsson?® and Asada and Sugano.?*® A two-configuration
manifold is used to describe the final-state core-hole wave functions, with
onc confliguration @ being the simplest final-state determinant with no
change in valence-subshell occupations and the other dy being a determinant
in which a single-clectron ligand-to-metal transfer has occurred. Specifically,
in an oclahedrally-coordinated system, the transfer is ascribed to a monopole-
allowed excilation of the (ype:283, 385, 388 o (honding)=ee® — eofanti-
bonding)=e*. Both orbitals are expressed as linear combinations of metal
d and ligand valence, with e,* being primarily metal 3d. The crystal-ficld-
split octahedral symmetry designations are used, and the sudden approxi-
mation one-elcctron monopole selection rule must here be applied 1o these

symmetrics. If only the active orbitals are considered, the two final-state
configurations can thus be writlen a5:286

) =(core hole) (es>)"(cx*)™

®2=(core holc) (eg?)"~"(eg*)m11 (160)

s ‘I;TV;’-":‘.?'

>
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Mixing these configurations produces two final states with differing degrees
of charge transfer:

"1'1/=Cuw|+C|z‘l’g at E/
Vol =CoP; 4 Cau®y at  Epf (161)

The “main” line occurs at lower E7 and thus higher kinctic energy and lower
binding encrgy. I 1"/ is chosen to represent this main line, it is found to
correspond lo a nct transfer of 20-5 electrons Lo the metal site.!1V. 288
Thus, hale screening is predicted to be very appreciable as far as this statc
is concerned, und the mixing represented by Tq. (161) is highly significant.
Il the degree of one-clectron-orbital relaxation is small, then & is approxi-
mately cqual to the (N~ I)-clectron remainder ‘I'n(N— 1) in Eq. (69), and
the sudden approximation yields peak intensities via Eq. (84) of

hec|Cul?, - hec|Cul? (162)

Additional splitlings due to crystal-field effects, multipict effects, and spin-
orbit intcractions cause further fine structure in the predicted energies, and
one-electron orbital relaxation has furthermore been included by means of
the equivalent-core approximation.?® With a limited degree of empirical
parameter choice, numerical results based upon this model arc in good
agreement with experimental satellite data for 3d compounds as (o intensilies,
widths, positions, and systemalic trends with ligand character and d-orbital
occupations, 288, 288 FEinally, it is important to nole that Viniikka and
Bagus''? have carried oul more accurate sell-consistent Hartree-Fock
calculations with configuration interaction on fully-relaxed core-hole states
in the cluster {NiOs)='". These results also show that a significant ligand-to-
mctal charge transfer of ~0-5 electrons is present in the state representing
the main line. It is also concluded that the two primary final stales contain
significant ‘admixtures of both configurations {Cy; =09, C122:0-3, Cyy=0-3,
Caa=09),

The occurrence of such two-configuration charge-transfer satellites has
nlso been suggested in connection with the adsorption of CO on transition-
metal surfaces.?* {p this case, salellites observed in the Ols spectrum are
attributed to the strong involvement of a metal-lo-molecule charge (ransfer
(thal is, the reverse of the direction discussed previously).

Thus, such salcllites and the charge-transfer they represent can he
extremely important considerations in the analysis of specira in many
systems. The term *“shake-up™ has been applied to these effects,?83. 285, 284
but such nomenclature can be a bit mislending in the scnse that the final
states are not pure configurations thal arc as simply related o the inilial
state as for the neon case of Table I1. The most correct view would seem to be
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simply thal a strong conliguration interaclion eccuss in the final state due to
relaxation about the inner hole.

1t is finally worth noting that the presence or absence of such satcllites
has potential for use in a *“‘fingerprint™ mode {or determining the oxidation
staic and/or valence conliguration of 3 or 4f atoms in dilTerent chemical
environments.

5. Other Multi-electron Effects. As a final example of multi-clectron elfects,
we consider the obscrvation first made by Gelius?? (hat, for a series of
elements with Z=50-60, the 4p binding energy broadens into a many-
clectron resonance with complex structure, as shown in later data obMained by
Kowalczyk et al 2% in Fig. 39. This rather unique occurrence has been
observed in both gases?™ and solids,2!% and has been explained by Wendin
et al.?8F. 280 a5 being caused by the particular onc-clectron energy-level
spacings involved. Specifically, the single-configuration final-state aftcr 4p
emission is ... 4p54d'"552., | with the remaining outer occnpancics depending
upon Z. However, the 44 binding energy is approximatcly 4 that of 4p in this
region of the periodic table, so that one 4d electron can be moved into (he
lower-energy 4p orbital and another 4d cleciron can be placed in a low-
energy unoccupicd bound orbital or continuum orbital to yield a sct of
configurationslike...4p%4d8552, . (n"1")Lor.. . 4p"4e®552 (s ") respectively
that are nearly degenerate with the one-clectron final-state configuralion.
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 1o resull from
a Coster-Kronig Auger de-excitation of the 4p hole via dd - dp, 44 -~
continuum. The form of the interactions further dictates that orbitals with
I"=2 are dominant.288. 28 (Notc Lhe similarily between the configurational
degeneracy discussed here and that noted by Bagus ef a/.25% in their analysis
of 3r emission from Mn2t, cf. Section V.C). It is thus rather fortunate thal
such resonances are rare phenomena throughout the periodic table, as one-
clectron energy levels would otherwise be a much less uscful concept,

E. Vibrational Fffects

The ellects of exciting various linal vibrational stales on XPS spectra were
first clearly observed in gas-phase data obtained with manochromatized
radiation by Gelius and co-workers.2?® A Clsspecirum obtained from gascous
CH, is shown in Fig. 40, and it exhibits a threc-componcnt structure thal
can be explained as arising from the excitation of three dillerent vibrational
stales of the symmetric C-H sireich type.3"0 The relative intensilics and
positions of these peaks are furthermore found to be in good agreement with
a theorctical model based upon the Born-Oppenheimer approximation as
expressed in Eq. (63}, provided that it is noted that the Cls hale alters
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vibrational energics and wave lunclions appreciably in the final state. Simitar
vibrational effects appear (o 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 efTccts have also been noted in XPS studies of sofids by Citrin
ef al® In this work, core peaks in alkali halides were found to exhibit
temperature-dependent line widths consistent with the excitation of lattice

CH,

-—LEAST SQUARES FIT

o s 910 2905
BINDING ENERGY
Fig. 40. A Cls spectrum from gascous CHy obtained with very high instrumental resofu-
tion (FWIIM=0-3 cV). The lowest-binding-energy primary peak shown here is found to

cxhibit three componcnts 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 yiclds the proper variation with temperature, provided that
the effects of specimen charging due to low conductivitics al low tem-
peratures arc corrected for, as shown in the figure. Such cffects are thus
expected to be important in all polar solids for which clectronic relaxation
around the corc hole cannot be complete enough to leave final vibrational
states of very ncarly the same form as the initial vibrational states. In mctals,
on the other hand, conduction clectron screening is expected Lo be complete
envugh to leave the initial- and final-vibrational manifolds ncarly identical,
Thus, in metals the distribution of phonon excilation probabilitics or Franck-
Condon cnvelope is sharply peaked around the initial states (as can be scen by

considering Eq. {63) for a single set of orthonormal functions): therefore, very
little extra broadening is expected.

o



124 C. S. PADLEY

310} ceemn g .
% o8

;. .

u g 2|

'& ‘\‘_/

£ Q\M Kl

g o8} 5=

Z 06, I
- 12]

'\., /

& 10}

¥

\\

\

o
-3

300 400 500 600
TEMPERATURE (°K)

Fig. 41. Variation of the KZp} FWHM with temperature in solid KF, KCI, and KI.
thecurves .- @ - - @ - are the unaltered experimental data. The curves — (O —()— have heen
corrected for lifelime and instrumental width coniributions. The dotied curves represent
further corrections for specimen charging that oceurred in KF and K1 at Jow tfemperatures.
The solid curves arc theoretical calculations based upon final-state vibrational breadening,
(From Citrin er af., rcf. 85.)

VI. ANGULAR-RESOLYED MEASUREMENTS ON SOLIDS

A. Introduction

Angular-resolved XPS studics of solids have very recently been reviewed
by the author,'” so only a brief outline of the most significant aspects and
certain very new results will be presented here, The most generally occurring
types ol cffects are those involving surface sensilivity enhancement for
grazing angles of electron exit or x-ray incidence with respect to the surface
and lwo lypes of anisolropies observed in the angular distributions of
photaclectron intensilics 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 dircclion can be made to have any
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Fig. 42. General geomctry for an angular-resolved XPS experiment. Rotations on the twa
perpendicular axes shown vary 8, éx and ¢ over their full allowed ranges. The angle «
alse may be varied, but is most commonly held constant,

orientation with respect to a set of axes fixed in the specimen i externally-
accuated rotation is possible on the two perpendicular axes shown, Rolation
on the axis perpendicular to the plane containing the photon and clectron
propagation directions varics the angles 0 and ¢, describing clectron exit and
x-ray incidence, respectively, Rotation about the second axis parallcl
{0 the specimen surface normal varics the azimuthal angle ¢ as measured with
respecl to a specimen-fixed reference, Low ¢ or low ¢ thus corresponds Lo
8 grazing condition, The angle « is held fixed in most current XPS systems,
Two-axis spccimen goniomelers for this purpose have been specially built for
use in XPS studics, and various instrumental aspects of carrying out such
measurements have been reviewed elsewherc, 17, 74, 202, 280

B. Surface Sensltivity Enhancement at Grazing Electron Exit Angles

The achievement of grealer relative surface sensitivity at conditions of
grazing electron exit angles has already been discussed in connection with the
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f-dependent relationships describing peak intensities in Section 111LF.2. The
application of this procedure in XPS was first demonstrated by Fadley and
Berpsir&m, 2! and first quantilatively applied by Fraser e a/.291 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. IT A is assumed to be a dircction-independent property of

the material, this mean depth is given at any angle by A, sin 0, so it is clear
that a decreasc of 8 from say 90° to 5° will decrease the mean depth by about
a lactor of 6. This is o highly significant change thal has by now been used in

numerous studies 1o cnable selectively altering the surface sensitivity of the
XPS mecasurement.t?

o o A sine
<

90°* |
A,

A=

55\51\95 80A

Fig. 4. lllustration of the basic mechanism producing surface sensitivity enhancement
for low clectron exit angles 8. The average depth for no-loss emission as measurcd per-
pendicular to the surface is given by Ae sin 8,

The only significant moderating factor that may in certain circumstances
render such low-0 mecasurements somewhat less dramatic in capability is the
presence of surface roughness. Surface roughness in general causcs the local
microscopic truc angles of emission 0t 1o differ from the experimental value ¢
as measured relative to the macroscopic planar average of the specimen
surface. In general, for low § values, roughness is expected to cause & (o
be greater than 8, so that surface sensitivity enhancement is expected to be
diminished.17.202,280-204 Roughness further has the effect of shading
certain portions of the surface from x-ray incidence andfor clectron exit.
Such effects have been studied both experimentally and theoretically for a few
systems, 17, 202, 203, 200294 qng although it is clear that large-scale roughness
can significantly alter the type of surface enhancement achicved,?® it has
also been found for one system that, even with presscd powder pellets of the
type often used as specimens in XPS, a useflully large surface enhancement
can be achieved at low 6.29% Thus, although roughness cfects always need
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lo be considered in any quantitative analysis of such XPS data 2:::1(! the
preparation of highly planar specimens is c.sscnlial for some work 2% 1here
arc good rcasons to expect very general utility of the fow-0 sur'l'uct-: cnhanc:t_:-
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 I'?r a hngh!y-
polished silicon specimen with an oxide overlayer 1-2 atomic layers in

-———
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Fig. 44. Broad-scan corc spectea at low and high exit nng_lcs for a Si s‘pccimcn'wulh n
thin exide overlayer (~4 A) and an outermost carhon contaminant overlayer npprummnu_:]y
I -2 monolayers in thickness. The Cls and Ols signals are markedly cn!mnccd in rclative
intensily at fow 0 due to the general effect presented in Fig. 43, (From Fadley, ref. 17.)

thickness, and an outermost overlayer of carbon-containing residual gas
impuritics of approximaicly the same thickness. (These thicknesses were
estimated using Lgs such as (117} and (118).) Pronounced peaks due t‘n -lhc
Ols, Cls, Sils, amd Si2p core levels are observed. Al the higher cmls.smn
angles of 40° and 70, plasmon loss structure is also found to be nss_ocmtc‘d
with the Si peaks (cf. also Fig. | Tor Al). As @ is lowered Lo a grazing cxlut
condilion, marked changes occur in the rclative intensitics of all peaks, in

Ty
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fact causing a complete inversion in ordering. At high 0 where maximuimn
bulk sensitivity is expecled (Ae in Siis ~37 A and A, in SiOg is ~27 A201),
the intensity order is Si2s, 2p» 015> Cls, where at low ¢ with maximum
surface sensitivity, it is Cls>Ols» Si2s, 2p. Such a threc-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 (his specimen is examined more clo'sely, it is
further found to exhibit a chemical shift between oxide and element, as shown
in Fig. 45. However, the thin oxide layer present yiclds only a very weak
relative intensily in the Si2p (oxide) peak at the relatively high angle of 8=49°,

T T T T ! T
L 5i2p(ejment)
2l ’
c -',:‘.':

> . . i ]
e Si2pfoxide) i/ ' _
5_(.- -5° ,_,v’l'“\, f: :: "
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g M’ : :.' -_l\ﬂp-“‘w
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[ I} 4_19 _I:LL 1 -[‘/l _I l\r-J
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Fig. 45. 5i2p core spectra at #=5* and 49° for the specimen of Fig. 44, The chemically-

shifted Si2p (oxide) peak is enhanced in relative intensity by approximatcly a faclor of
20 between 49° and 57, (From Fadiey, ref. 17.)

()

The spectrum obtained at =5 by contrast exhibits marked enhancement by
a factor of ~20 in the oxide relative intensity. More quantitative studies ol
such relalive intensily changes with angle have also been made by Hill
et al. 2% and, although certain discrepancies are found to occur at low @
values with rcspect to the simple intensity expressions given in Seclion
I11.F.2, case (¢), it nonetheless appears possible to extract highly quantitative
data concerning specimen geomelry and electron atienuation 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 foss processes, For example, for an atomically clean
surface of aluminium (which exhibits well-defined surface- and bulk-plasmon
cxcilations at differcnt energies), it has been found by Baird er af.2%5 that
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the surface plasmon losses arc markedly enhanced in relative importance at
low 0. Some data from this study are shown in Fig. 46. The rcason for this
cnhancement is hat the surfacc- and bulk-plasmons are spatially ortho-
gonal.'®? Because decreasing the angle of exil also decreases the mean depth
of emission, the relative probability of cxciting a surface plasmon is thus also
increased at low cxit angles. Comparisons of such data with theoretical calc.u-
lations for a frce clectron metal’™ furthermore yicld good agrecment with
experimental relative intensitics and further supgest !hnt: the CI’C.’-?HU{I (?[
plasmons occurs by mcans of both cxtrinsic (after excilation) and intrinsic

20 1semIs B IS [Al2p]
[ [

e-70*

COUNTS [ARBITRARY UNITS}

Hne 100 %0 T
BINDING ENERGY [«V]
line aluminium at
2z, 46. Al2p plasmon loss spectra from a clean surface of polycrysta
8-r9g° 30° nn,:lpz". The positions of various combinations of s‘url'qcc an'd bulk Josses are
denoled |s.' IB, ctc. Note the marked enhancement of the relative intensity of the surface
plasmon lass (15) for grazing exit angles. (From Baird ¢t af., rcf. 295.)
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(during excitation) processes.?® An additional interesting feature of such
angular-dependent foss measurements is that they can be used (o determine
the locations of adsorbed molecules refative to a surface. Specifically, the
Ol loss spectrum for an ~0-2 monolayer coverage of oxygen on nluminium
exhibils only surface plasmon peaks at grazing clectron exit, indicating that
the oxygen has not penetrated significantly below the surface plane 298, 290
Thus, the angular dependence of such absorbate loss structures should
provide uscful complementary information concerning adsorplion geo-
metrics and near-surface electronic siructure,

The ground-siate valence electronic structure of a solid is also predicted
theoretically lo change near its surface,2? and it is of interest to determine
whether angle-resolved XPS studies can detect this. One cffect that should
occur in transition metals is a narrowing of the FWHM of the d-bands near
the surface due to reduced coordination number.2*? Such effects have been
studied quantitatively by Mehta and Fadley?®® for the case of clean poly-
crystalline copper surfaces, and the experimental and theorelical d-band

1 T ¥ | ! 1 I 1
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Fig. 47. Experimental and theoretical angulas dependence of the FWHM of the Culd

valence-hand peak. The width decreases at low @ due to d-band narrowing ncar the surface

that is in turn caused by reduced coordination number. (From Mehta and Fadlcy, ref.
298.)
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FWHM values determined are summarized in Fig, 47. ‘The small, but
unambiguous decreascs in FWHM obscrved at low @ are consistent with {he
theoretical caleulations, with theory showing somewhat larger relative
changes that could easily be explained by several efTects,2® Thus, such low-¢
measurements can also be used to probe alteralions in the ncar-surface
valence electronic structure, '

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

A second mechanism producing cnhanced surface scnsitivity involves
measurements carried oul at very low x-ray incidence angles ¢,. For ¢,§ 1%,
il was first noted by Henke!™ that the mean x-ray penctration depth in a
typical XPS experiment (which is 109-10% A for ¢ 17) decreases markcdl.y
to values of the same order as the electron attenuation length Ae. T!us
further suggests thal surface-atom signals will be enhanced in relative intensity
at low ¢y, ns was first demonstrated by Mchia and Fadley.'? The reason for
this dccrease in x-ray penctration depth is the onset of significant refraclion
such that ¢,’ <€, (cl. Fig. 17) and reflection at the solid surface. The inter-
aclions of typical XPS x-rays wilh a homogeneous medium are furthermore
well deseribed by a macroscopic classical treatment,'™ and detailed ex-
pressions for predicting penclration depths and cxpecled surface sensilivity

2
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Fig. 48. Angular dependence of the Cls/Audf Intensily ratio for a gold spgcimcp with a
thin carbon-containing overlayer. Enhancement of the near-sutface carbon stgnzlnl is found
for both grazing electron exit (low )} and grazing x-ray incidence (low é4). 1 he low-f.
enhancement is well predicted by classical calculations allowing for x-ray rel’mcuqn and
reflection (R/R) at the surface, ns shown by the dashed curve. (From Mchia and Fadley,
rel. 179.)
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cnhancements in terms of the material optical constants and other parameters
have been presented elsewhere.17.178. 179

As an example of the surfacc sensitivity enhancement occuring at low ¢z,
Fig. 48 shows dala oblained from a gold specimen with ~2 alomic layers of
carbon-containing material as an overlayer. The Cls/Audf intensity ratio
thus serves as a measure of relative surface sensitivity, and it is gbserved to
increase at both fow @ (for reasons discussed in the last section) and low .
The increase at low ¢ is comparable to that at low ¢ (approximately a lactor
of 2-3), and there is good agreement between experiment and theoreticil
calculations including refraction and reflection effects. Note the very sharp
ansct of the low-¢, cnhancement over a region of only a few degrees near
$==0. Similar cfccts have also been noted in the Si2p(oxide)/Si2p(clement)
ratio for silicon with varying oxide overlayer thicknesses.?® Also, the optical
properties of several solids at XPS energies of ~ !5 keV have been used to
predict that such phenomena should be of very general occurrence.?

Tt shouli be noted in connection wilhrlow-qS, studies, however, that surface
roughness effects can be very important in any attempt at quantitatively
analyzing such data.?% This is due to the very smail incidence angles invalved,
so that if the true microscopic incidence angle ¢,' deviates by even ~0-1°
from the macroscopically measurable 4, 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
absolulc pholoclectron inlensities at fow ¢, Thus, low ¢ surface enhance-
ments may serve as a uselul complement to those at low 8, but Lhe measure-
ment and interpretation of fow-incidence-angle data may not be as straight-
forward.

D. Single-crystal Effects

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

V. Elcctron Channeling and Kikuchi Bands. 1n measurcments of core peak
intensitics or encrgy-integrated valence-spectral intensities from single-crystal
specimens as a function of the emission angles 0 and 4 in Fig, 42, pronounced
fine structure is noted. The first eflects of this type were observed by Sieghahn
et al. ™ in NaCl and by Fadley.and Bergstrém2%t jn Au, Baird ¢f al.2% have
obtained the most detailed set of such data to date for Audf emission from a
Au crystal with (001) orientation and this is summarized in the stercographic
projection intensity contour plot of Fig. 49(a). Considerable fine siructure is
cvident in this plot, with many featurcs possessing angular FWHM values of
only ~5-10° and peak height : background ratios as high as ~2: |, It is
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thus clear that no peak intensity analysis involving a singlc crystal can neglect
such cfTects.

The origin of this fine structure is primarily clectron dilfraction from the
various scts of plancs in the crystal. These effects are furthermorc very closely
related to the Kikuchi bands scen in low-energy clectron difTraction (LEED)
experiments carried oul wilth Eunz300c¢V,* as well as to channcling
phenomena scen in the emission of high-energy electrons (~101-10%cV)
from radioactive nuclei imbedded in single crystals.2 Rased upon prior
experimental and theoretical studics in these two areas, 1 392 (e qualitative
expectation is for cach sct of plancs denoted by Miller indices (hk/) to have
associalcd with it a band of enhanced intensily for photoclectron cmission
that is parallel with the planes to within plus or minus the first-order Bragg
angle Oy, as defined from ‘

(a)

Ao=2clhz1 5in Oniy (163)

Fig. 49. (a) Experimental photoclectron Inlensity contours for Audf cmission from a
Au(00l) single-crysial surface. The contours arc pioited in sicreegraphic projection with
various low-indcx dircctions indicated as [A4/]. The normal to the surface therefore lics in
the centre of the figure. The arcs represent low-index plancs available for eleciron diflfraction
or channelling.
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Fig. 49. {h) Qualitative theorctical simulation of the intensity pattern of (a) based on

shitded rectangular Kikuchi bands of the form given by the dashed line in Fig. 50. The -

doticd 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 hatl. (From Baird ef al., ref. 200.)

with : .
Ae (in A}=clectron delroglic wavelength
=[150/Exyn (in cV))]! (164)
cxxt=the interplanar spacing

Such Kikuchi bands are furthermore expecied to be approximately uniform in
intensity over the #+ 0ap; range, and to drop ofT rather sharply at the limits of
this range, as shown schematically in Fig. 50. For typical higher-energy XPS
photaclectrons and lower-index metal crystal planes, Oy 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.

X-RAY PHOTOELECTRUN SPECTROSCOPY 135

hikt
Kixucul
BACKCROUND . BAND
INTENSITY

CRYSTAL

hkt PLANES

Fig. 50. The approximate form expecied for a Kikuchi band from the (hk{) set of plancs
in a single crystal.

As a qualitative test of this inferpretation, Fig. 49(b) presents a stereo-
graphic projection on which shaded bands corresponding in width and
placement to those expected for the fowest index planes in Au have been
inserted. Dotled lines in the fower half of the figure also indicale the centers

. of broader and weaker bands cxpected rom higher-index planes. Comparison

of Figs 49(a) and 49(b) indicatcs that there is good correspondence between
experiment and theory as to the locations of high-intensily regions and fine
structure. Recently, more quantitative calculations for copper have been
carried out by Baird ef a/.9%9 in which each band is given a height proportional
to the Fourier coeflicient ¥aae in the crystal potential ;-these calculations yicld
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 crysial orientation. Further-
mare, in the very near future, more highly accurate theorctical calculations
of such cilects utilizing methods developed for LEED analyses should
become available, 04

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 honding geomelries of atoms or molecules adsorbed on single-crystal
surfnces. That is, if core-level emission from an adsorbed atom does exhibit
angular anisotropy, it must be primarily associnted with final-state scatlering
cffects that should, in turn, be strongly related to the nearesi-neighbor

ra
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atomic geomelry, Very recent measurements in our laboratory do in fact
indicate that such anisotropies exist.

2. Valence Spectra. It was first noted by Baird er al.1%5 3% (hat XPS
valence spectra from a single crystal exhibit considerabie changes in fine
struclure as the clectron emission direction is varied with respect to the
crystal axes. As an example of thesc effects, Fig. 51 prescnts A valence

GOLD VALENCE BANDS POLYCRYSTAL

fooll

N ENWEE NN

3 0

\
AN
=

Lada s ka1 1.8 4 1%
9'.0 15 0 s Q
Binding Energy (oV)

Fig; 51, Au valence spectra from a (001) singlecrystal surface obtained at various #
values in a single polar scan passing through the [E11], (112}, and (113] directions, A poly-
crystalline specirum is shown lor reference., (From Baird ef al,, rel, 200.)

spectra oblained with electron emission along various directions in a single
9 scan. Although the basic two-peak structure in the dominant d-band peak
is present for all dircctions, there are pronounced changes in the relative
intensities and shapes of the two components, In particular, Au spectra
obtained with cmission along the [001], [J01), and {I11] directions exhibit
probably the most pronounced differences relative 1o one another, as shown
in Fia §7 Similar chanpes in sinele-crvsial XPS valence snectra with direction
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have by now also been noted in Ag,3 Cu,30% 308 P08 and the layer
compounds MoSz, GaSes, and SnSe, 310

The accurrence of such anisotropic ¢ffects thus means minimally that
considerable care must be excrcised in interpreting any XPS valence specirum
from a single crystal in terms of quantitics such as the total density of states.
That is, the total density of states p(E) is by deflinition a nou-dircctional
quanlity, as is thc mean cross-section @g(lhv), so that clearly such single-
erystal ¢ffects add an clement heyond the model summarized in Fq. (107).
For cxample the Si spectrum shown in Fig. 14 may well exhibit an cxtra
strength in the peak labelled “L;" due to such efects.2%8 As noted in Scction
11.D.4, the connection of XPS spectra Lo the density of states in a direcl way
implies a type of uniform averaging over initial slates that nced not be
possible in a dircctionally-sensitive single-crystal experiment.

As it is reasonable to expect that Lhe anisotropics noled in XPS valence
emission from single crystals are associated somchow with the basic
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Fig. 52. Experimental and theorelical angular-resolved XPS Au valence spectra lor
electron emission along the [001], [101),.and [111] dircctions. The data were obtained with
monachromatized AlKa radiation, *D.T.” represenis calcelations based upon the direct-
transition model. “M.E.” represents planc-wave matrix-clement calculations. The hand
structures uljlized in the theorctical calculations were: ——, Christensen’s RAPW1* and
——————-- , two slightly different choices for the spin-orbil parameter in Smilh's
tight-binding interpotation scheme. M (From rcfs 183, 311, and 317,)
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symmelries of the initial states involved, it s of considerable interest to
develop theoretical models for the interpretation of such effects. Two dilTerent
approaches to Lhis problem have been proposed.!®s. 306-312 [oth of Lthese
models begin with the basic direct-Lransition cxpression 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 mode!, the wave-veclor conserva-
tion embodied in Cq. (104) is primarily emphasized. This viewpoint has been
used previously to analyze angular-dependent UPS data. from single
crystals,}#2. M2 ang suitable modifications to permit its direct application to
higher-cnergy pholoemission experiments were first «discussed by Baird
et al.\* Rigorous wave-vector conservalion is used to connecl each observed

final-siate wave vectlor kf with a unique initial-slate wave vector k within the

reduced Brillouin zone by mecans of a suilable (and unique) reciprocal lattice
vector g. The magnitude ol k/ is determined from the internal kinelic cnergy
Ewin, ¢ (cf. Fig. 12) by assuming that the [ree-clectron dispersion relation
Lyn,  =H2(Kk7)2f2m is valid at high excitation energies. Al XPS encrgics,
k! Turthermore varies very litlle over the valence spectrum: for example, in
gold with Iattice constant a=4-08 A, it is found that 12-84(2nfa)Sk/<
12-88{2na), where 2nfa is approximalely the reduced zone radius. The
direction ol k/f (or, equivalently, the direction of the photoclectron momentum)
with respect to the crystal axes is detcrmined from the known crystal
orientation relative {o the spectrometer acceplance solid angle. (Small
direction corrections due to electron refraction in crossing the surface barrier
Fo are necessary only for very low angles of electron exit,!? 37) The finjte
solid angle of acceptance of the electron energy analyzer distributes the

5+ 47X .67, along (010)
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Fig. 53. Scale drawing in k-space of the direct transitions that would be involved in XPS
cmission along the [010] direction in a Au single crystal. The initial states from which
cmission could occur are represented by those k values in the shaded disc near the face of the
reduced Drillouin zone at left. The additional involvement of variable-magnitude phonon
wave vectors due to vibrational effects appears, however, to Icad 1o rather full zone averaging
in angular-resolved XPS spectra from Au at room temperatures, as discussed in the text.
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observed k/ 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
ilfustration to be conical with a 2-0" half angle. Each k/ valuc can then be
corrected by the non-negligible ka, associated with the photon to yield a sel
of veclors k/ —ka, =k +-g (shown as the right-hand shaded disc in the figurc)
that permits uniquely determining the set of k values in the reduced zone from
which allowed transitions can occur. (shown as the leN-hand shaded disc
lying coincidentally very ncar a reduced-zone face). Due to Lhe finite size of
the disc (cf. its size 10 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 thc matrix elements for all k -» k/ transilions are approxi-
malely equal, so that an angular-resolved spectrum is finally predicled (o be
proportional to the density of clectronic states over the allowed k region
(not the total density of states).

This model has been unambiguously demonstrated by Wagner ¢r af 314
to predict correctly all of the major spectral changes occurring with emission
direction and pholton cnergy for copper in Lhe intermediate photon energy
range 405y 200 eV. XPS calculations based upon this model for Aw with
emission along [001], [101), and [I11] are shown in Fig. 52, where they are
indicated by *).T.” and compared with experimental spectra. Two different
initial-state band structures have been utilized in the caiculations, 5. 318
yielding two diffcrent sets of curves, The most accurate band structure was
used for the solid curves, and comes from a refativistic augmented plane wave
{RAPW) calculation by Christensen.318 Both sets of dircct-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
caleulations do predict more change with direction than is noted experi-
mentally. Similar agreement has been found for 9 other directions in Au M1
as well as 6 directions in Cu,®? leading to previous conclusions!®5, 307
the dircct-transition model represents a good description of such efects in
XPS. Howcver, very recent data obtained by Hussain et al.3® for Au with
both MgKa and AlKa radiation are at variance witht his model: specifically,
for emission along [001], [111}, and [132], theory predicts targe changes in the
spectra ofa given dircclion when photon encrgy is changed (because the
disc changes position in the reduced zone due to the change in the length of
k/), whereas negligible differences are observed experimentally. In addition, 19
for excitatlion with AlKa«, the free-elcctron metal Al is found not to exhibit any
speetral changes with emission direction, again in disagrecment with direct-
‘trnnsilion predictions. It thus appears that some form of wave-veclor smear-
ing or reduced-zone averaging is occurring, probably duc to the creation or
annihilation of phonons, as suggested first by Shevchik!® and discussed

oy
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previously in Seclion 111.D.4. The fraction of direct transitions for which
phonon smearing is absent is most simply estimated from the Debye-Waller
Tactor:1R?

Dcbye-Waller factor =exp (—3{u®)g?) (163)
where p
(u2) =the mean squared vibrational displaccment of atoms in the lattice

g?=[g|% with g the reciprocal latlice vector involved in a given
direct transition

<u?> is thus a lunction of matcrial and temperature. In XPS, g2 is of the same
order as (k)2 (cf. Fig. 53) and therelore is much larger than the corresponding
quantity in UPS. Thus, the Debyc-Waller factor can be very small in XPS,
as, for example, 0-04 in Au at 25 °C, Such small values suggest that rather
complele zone averaging may occur in room-temperature angular-resolved
XPS measurements on many systems, as previously noted. (In fact, Williams
et alM? have recently noted the disappearance of direct-transition cffects in
UPS speetra of Cu oblained at high temperature that very nicely confirm
phonon involvement.) The direct transition model as outlined here thus may
nol be applicable 1o room-temperature XPS measurements on many
materials, even (hough it clearly is a valid description at lower excitation
encrgies,313. 314 and perhaps also al lower temperatures in XPS.

(2) The Plane-wave Matrix-clement Model. This model was first discussed
in connection with angular-dependent XPS spectra by McFecly ¢f al?00
Although k-conserving direct transitions are used as a starting point, it is
further assumed that final-slate complexities somehow smear out the deter-
mination of k and k/ to such a degree that essentially all k values in the
reduced zone can contribule to cmission in any direction. Mixing of different
plane-wave componenis into the final electronic states by various scattcring
processes was first supgested as the source of such zone averaging,®® but such
cleets do nol seem to be strong for copper with fiv <200 V.7 More likely, the
creation or annihilation of phonons in the pholoelectron excitation event is
respoensible.

In the limit of complete zone averaging, anisotropies in XPS valence
spectra arc then assumed by McFeely ef a/. 2 1o be due to direclional matrix
clements as summed over all occupied initial states. These matrix elements are
in turn calcufaled by assuming a plane-wave final statc of the form;

S f(r)=exp (ik/ 1) (166)
and a tight-binding or LCAO initial state of the form:?6. 90
(=Y cxp (ik-Re) (Z Cuy Xu{r—Re)} (167
R H
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in which
R;=the position of an atomic center in the lattice
X, (r—Ry)=an atomic orbilal centered at Ry
X r)=R ()Y (8,4) [cf. Eq. (36)]
C., =an expansion cocfTicient

Computing maltrix elements (qﬁ,‘!]/\-ku) can then be shown!s9. 308, 312 4
yicld a linear combination of the Fourier transforms of the various atomic
orbitals making up the initial-statc orbital. Such Fourier transforms further-
more cxhibit the same angular dependence in kf space that the alomic
function has in real space, and they can thus be written as

X,u(k!) =f}l(k!) Y[l(gk,! ')"In") (168}

with 0,7, ¢, indicating the direction of kf, and f,(k/) being a radial integral
dependent on |kf| =K/ only. For radiation with a polarization direction
e, it then directly results that

[<huf AV | {2oc(e- k2] T Con Xpl/ —kan) |2 (169)

In general, e+ k/ has been held constant in prior experiments, and for a closcly
related set of orbitals such as d functions, it can further be assumed that the
factor f,(kf) is constant. Finally, each initial statc is thus predicted Lo contri-
bute photoclectron intensity with a weight of | 3. Cpy Y04/, 9{:.‘!...‘,”)|2

!
and a sumnmation can be carricd out over all such occupicd states. Thus, lor
cxample, the contribution of a ds2_y2 atomic orhilal to such a matrix clement
is predicted to be a maximum along the same directions as the orbital maxima,
namely the +.x and 4 y dircctions. Orbital symmetry is thus predicted to be
very directly reflected in the angular-dependent emission probability. Caleu-
lations based upon this model are presented in Fig. 52 for Av, wherc Lhey arc
indicated by “M.E.”" Two diffcrent types of tight-binding paramcierizations
have becn utilized, and it is clear that the results are sensitive to this choice,
Nonetheless, there is gencrally good agrecment belween cxperiment and
thcory for the threc directions shown, as well as others in Au™®% ¥ which
have been investigated, and a similar set in Cu.2!! The same type of plane-
wave model has also been found by Ley er a/.31? (o predict correctly changes
in singlc-crystal valence spectra of the compounds MoSz, GaSes, and SnSca.
Thus, it aL present appears thal the planc-wave matrix clement approach is
the more correct of the twa discusscd here for describing room temperature
XPS cxperiments on mast materials, although significant questions do still
remain as to the validity of using o [rec-clcctron planc-wave final stale for
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computing XPS matrix elements,195. 196, 318 More nccurate theoretical
calculations of such cfects 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 uselul probes of
valence electronic structure.

Vil. CONCLUDING REMARKS

The aim of this chapter has been to discuss in some detail the basic idens
involved in both performing and interpreting XPS measurements. It is clear
that a relatively large number of distinct physical and chemical efTects can be
refated 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 posilive side, however, is the
fuct that at Ieast some dcgree of quantitative understanding has been achicved
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 Lypes can tend in certain situations to obscure the
initial-state information (hat 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-
slate dichotomy is that Lhe pholoemission event is inherently very disruptive
to the system, leaving it with a hole in a certain subshetl and thus a significantly
altcred sct of clectron-electron interactions. The interpretive material
presented in Scetions 111-V therefore begins with a rather general discussion
of the pholoemission process that emphasizes the imporlance of both initial
and final states (as well ‘as inelastic scaticring efects). However, the first
arcas of application considered are intentionally those which for many
systems can exhibit the strongest initinl-stale component: valence-level
studies in molecules and solids (Sections 111.D.3 and 1LD.4), quantilative
analysis (Scction 111.F.3), and core-level binding energy shifls (Scction 1V).
Nonctheless, care must always be excrcised in analysing data in order o
avoid having the different final-state effects discussed in Section V introduce a
significant error it any conclusions concerning initial-state properlics.

The potential range of information derivable from XPS spectra is indeed
very broad, and a schemalic summary of the interrelalionships between
various observable quantities or effects and basic system properties is
prescnted in Table 112, In this Lable, the possible interactions between different
observables are also indicated.
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TABLE 11

Schemalic illustration of the interrelationships between various observable XPS
speciral features or their nssocinted effects and the basic system properties potentially
derivable from an analysis of such obscrvations

Spectral feature or effect Spstem property derivable

(1) Fixcd-nngle measurements:
*Corc peak intensities ————————e Quantitative analysis

—*Core peak shifts Initial-state charge distributions
inal-state charge distributions

Initial valence-orbital encrgy levels,
symmeitrics and atomic-orbilal
make-up

ermochemical encegics

Proton aflinities

Initial-state clectron configurations
and clectron-cleciron interactions

§———-Shake-up, shake-off, other Final-sfate correfation
. many-clectron cffects {conliguration-interaclion) effects
Peak shapes and widths Final-statc lifetime effects
Final-state vibrational cxcitalions
Inclastic loss spectra ————— Low-lying electronic, vibrational

\ excitations

{2) Angular-rcsolved measurcments Atomic depths relative (o a solid

+=Valence peak intensiti
and positions

—=Relaxation cfecls
—~Multiplel splittings

on solids: surface, concentration profiles
Asin{l), but at grazing electron Properties as in (1), but very near
emission surface (~ 1-2 atomic layers)

As In (1), but at grazing x-ray Near-surface alomic geometrics for
incidence / substrates and adsorbates
Core peak intensitics from Initial valence-orbital energy levels,

single crystals symmeclrics, 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 hulk propertics of solids and
liquids. However, the inhcrent surface sensitivity of the technigue when
applied lo solids and liguids leads Lo what is certainly one of the most
significant arcas of application, namely in studying the physies and chemistey
of surfaces and interfaces. In this context, the relatively newly developed
angular-resolved studics of solids have also clearly heen demonstrated to
enhance significantly the amount of information derivable, as is also indicated
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in Table I1I. Two separate procedures exist for selcctively increasing surface
sensitivity by angle varialions, For single-crystal specimens, information
concerning both detailed atomic gecometries and valence-orbital symmetrics
can also be derived lrom angular-distribution measurements.

No exhaustive elucidation of specific areas of application for XPS has been
attcmpted 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-
nients will no doubt invelved all of these arcas, but with special emphasis on
problems related to surlace science. A lurther significant component of Muture
work will no doubl be the more extended use of XPS in combination with
other spectroscopic methods such as, lor example, the other surface-sensitive
tcchniques of UPS, pholoelectron spectroscopy  utilizing  synchrotron
radiation sources, low-cnergy electron diffraction (LEED), Auger electron
spectroscopy (AES), and secondary ion mass spectrometry (SIMS).

Thus, a-ray photocleciron speciroscopy 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
resolulion and higher inlensity, which arc_at present being sought by mcans
of morc eflicienl x-ray monochromalors combined with multichannel
detection systems. More novel radiation sources and analyzer/deteclor
systems might also provide a lurther solution lo this problem. From the
point of view of theory, more guanlitative treatments of various final-state
cffects and electron-electron correlation effects are needed. More accurate
calculations of both wave lunctions and photloelectric cross-sections for
molecules and solids would alse be very helpful, especiaily as related to
angular-resolved studies of atoms and molccules interacting with solid
surfuces.
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