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2 C. 5. FADLEY

I. INTRODUCTION

X-ray photoelectron spectroscopy has by now become a widely-used
technique for studying the properties of atoms, molecules, solids, and surfaces.
The extent of development between the first experiments of this type by
Robinson and Rawlinson in 1914' and the present state of the arl is indeed
great, with most of this growth occurring within the last 10-20 years under
the stimulation of pioncering studies begun in the carly 1950s,2. 3 particularly
those carricd out at Uppsala University.? From the first observations that
core photoetectron peak intensitlies could be used for quantitative analysis
by Steinhardt and co-workers? and that core eleciron binding energics
cxhibited chemically-induced shifts by Sicgbahn and co-workers,? the number
of distinct physical and chemical effects noted has expanded considerably.
Thus, together with numerous devetopments in interprctive theory, this
expansion has provided a rich panoply of information that can be derived by
analysing dilTerent aspects of an x-ray photoelectron spectrum. To be sure, a
greater understanding of the theoretical maoclels underlying these phcnomena
has not always ed 1o resulls as directly interpretable in simple chemical or
physical terms as was initially imagined, but the overall scope of information
Jderivable is nonctheless large enough to be useful in a broad range of
disciplincs,

The number of publications involving x-ray photoclectron spectroscopy
(which is commonly referred to by one of the two acronyms XPS or ESCA=
electron spectroscopy for chemical analysis) is thus by now quite large, and
includes several prior reviews® 4 1% and conference proceedings,!!- 12 as
well as other chaplers in this series on specific problems or areas of appli-
cation.'?. 1% Thus, no comprehensive review of the litcrature will be attempted
here, but rather only a concise discussion of various basic experimental and
theoretical concepts, together with selected examples exhibiting different
cffeets. In certain more newly developed areas, or for subjects in which con-
fusion scems (o exist in the literature, a somewhat more detailed treatment
will be made. The instrumentation and experimental data discussed will be
primarily restricted to that involving exciting radiation produced in a
standard type of x-ray tube, thus providing an operational definition of XPS.
Thus, photon energics of 2 100 eV will be considercd, with principal emphasis
on the most common §-2-1-5 keV range. The more receatly initiated photo-
emission studies utilizing synchrotron radiationt® will thus not be included.
The theoretical models discussed may, on the other hand, often apply directly
10 photoelectron emnission experiments performed at lower photon energies
as, for example, in conventional ultraviolet photoclectron  spectroscopy
(UPS) for which /v is typically in the 5-40 ¢V range or in synchrotron studies.
Alternatively, the models utilized in XPS may represcnt some particular
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limit that cannot be used at lower encrgies. Thus, at scveral points, com-
parisons between low-energy- and high-energy-photocmission cxperiments
will be made.

The fundamental experiment in photoelectron spectroscopy involves
exposing the specimen to be studied to a flux of nearly monoenergetic
radiation with mean encrgy Av, and then obscrving the resultant emission of
photoelectrons, whose kinctic energies will be described most simply by the
photoelectric equation:

hv= EyV(k)+ Exn (1)

in which Ex¥(k) is the binding energy or ionization potential of the kth level
as referred to the vacuum level and Ewn is the photoclectron kinelic cnergy.
(A more exact definition of binding encrgy, including adiscussionofreference
levels, is presented in Section 11.B.3) In gencral, both Auger electrons and
sccondary clectrons (usually resulting from inelastic scattering processes) will
also be emitted from the specimen, but it is generally possible to distinguish
these electrons from true photoelectrons by methods to be discussed later in
this section. There are three lundamental propertics characterizing cach
emitted photoclectron: its kinctic energy, its dircction  of cmission with
respect to the specimen and the exciting radiation, and, for cerfain rather
specialized experimental situations, the orientation of its spin. These three
propertics thus give risc to three basic types ol measurements that are possible
on the emitied electron Mux,

(1) The number distribution of photoclectrons with kinetic cnergy. This
measurement produces an electron spectrum or energy distribution curve
(EDC) and, of course, requires some sort of electron encrgy analyser or
spectrometer, of which scveral types arc currently being utifized. In the
dispersive spectrometers most commonly used in XPS, clectron spectra arc
usually measured at fixed angles of clectron emission (or over a small range of
emission anglcs) refative Lo both the photon source and the specimen.

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

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

The additional time and experimental complexity required for angular
distribution or spin polarization measurements have resulted in the fact that
most XPS siudies up (o the present time have involved only kinetic cnergy
distributions with a fixed gcometry of the pholon source, specimen, and
spectrometer. However, measuremcnts of both types (2) and (1) scem fruitful
from several points of view, and angular-resolved XPS studies in particular
have grown in importance in recent years.!?

As an ilustration of certain typical features observed in fixed-angle XPS
spectra, Fig. 1 shows data obtained from an aleminum specimen exposed
to monochromatized x-rays of 1487 eV cnergy. In Fig. 1{a), a broad-scan
spectrum of 1000 ¢V width is displayed, and various prominent photeelectron
peaks are labelled according 1o their level of origin from Ols to valence.
The oxygen KLL Auger structure is afso partially visible at the low-kinetic-
cnergy end of the specirum. The oxygen peaks arise from oxygen aloms
presemt in a surface oxide layer; the Cls peak is due to an outermost surface
layer of contaminants containing carbon. As is usually the case, the photo-
clectron peaks are considerably narrower and simpler in steucture than the
Auger peaks. Each electron peak exhibits to one degree or another an approxi-
malely constant background on its low-kinetic-energy side that is due to
inclastic scattering; that is, clectrons arising via the primary photoemission
or Auger process that produces the sharp “no-foss™ peak have been in-
clastically scattered in escaping from the specimen so as lo appear in an
“inclastic il or energy-loss spectrum. 18 Depending upon the 1ypes of
excitation possible within the spccimen, the inetastic tails may cxhibit pro-
nounced structirre also, as is evident in the multiple peaks formed below the
Al2s and Al2p no-loss features (which are due to the excitation of collective
valence clectron oscillations or plasmons'® in aluminium metal), as well as
the single browd peak in the Ols inclastic tail (which is due to one-clectron
excitations from the occupied to the unoccupicd valence levels of aluminum
oxide). The inclastic tail below Cls is considerably weaker due to the relatively
thin dayer of carbon.containing species present (approximately two atomic
layers), thus, for this sample, CLs photoelectrons could escape wilh a relatively
low probability of being inelastically scaltered.

In g, Kb}, an cexpansion of the low-kinetic-energy region of the same
alaminum spectram is shown, and several other feptures are more clearly
discernible. The plasmon lass structure is well resolved, and peaks associated
with the excitation of up to four plasmons are secn. A magnilied vicw of the
rather low-intensity vatence photoclectron region also shows complex spectral
structure associated primarily with the overlapping mefal- and oxide-valence
levels. fn gencral, XPS vatence photoclectron intensitics are approximately
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Fig. 1. Typical XPS specira obtained frotn an exidized aluminium specinien with a
carbonaceous contaminant overlayer. Monuchromatized AlKa radiation was used  Ton
excitation, (a) Qverall spectrum with all major no-10ss features labelled. (h) T-spanded-seale
spectrum of the AlZs, Al2p, and valence regions. Chemically-shifted axide- and metal-core
peaks are indicated, as well as inelastic loss peaks due to bulk plitsmon creation.

an order of magnitude Tower than those of the most infense core levels in

given specimen, but they are nonctheless high enough to be accuratcly

measurcd and studicd by using longer data acquisition Limes o mmproye

statistics. An additional and chemically very significant feature m Fig. bl

is the splitting of the Al2s and Al2p photoeleciron peaks inle two components,
.
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one associated with oxide and onc associated with metal. This splitting or
chemical shift is caused by the change in the aluminum chemical environment
hetween oxide and metal.

In analysing XPS spectra, it is imporlant 1o be able to distinguish as well as
possible intensity resulling [rom Auger processes and inclastic scaltering
events. An Auger peak can be identified by: (1) comparing the observed peak
cnergy with other experimental or theoretical Auger encrgics expected to be
associated with the atom or atoms present, and (2) changing the photon
encrgy hy some amount A(hv) and then noting whether the peak shifls in
kinctic encrgy by A(hv) according to Eq. (D (and thusisa photoclectron peak)
or remains fixed in kinetic energy (and thus has an Auger origin). nelastic
loss structure is often nol as casily discernible in complex photoelectron
spectra as for the examples shown in Fig. 1, but can be identified by: (1) took-
ing for nearly identical features at kinetic cnergics below difTerent no-loss
peaks, as all high-energy electrons will be capable of the same excilations in
inelastic scattering (although perhaps with probabifities that show a weak
dependency on kinetic encrgy), and (2) comparing observed struclure with
independently-determined energy-toss spectra for the specimen material.1?

A Turther very important point in connection with XP$ studies of solid
specinens is that the probability of inefastic scattering during escape from
the sample is high enough that the mean depth of emission of no-loss
electrons may be as small as a few atomic layers, and is never much larger
than approximately [0 atomic layers.2 2! Thus, any analysis based on these
po-loss peaks is inherently providing information about a very thin layer
near the specimen surface, and this is, for example, thc reason why Ols
and Cls peaks due to thin surface gverlayers are readily apparent in Fig. 1.
This susface sensitivity of XPS (or any form of eleciron spectroscopy) can
be exploited for studying various aspects of surface physics and chemistry,?®
but. on the other hand, must also be viewed as a potential source of ercor in
trying to derive the true bulk properties of a given specimen.

In the following seclions, vatious aspects of x-ray photoelectron spectro-
scopy arc treated in more detail. §n Section N, the instrumentation and
cxperimental procedures required are reviewed. In Section 111, the theoretical
description of the photoemission process is discussed in detail so as 10 provide
an accurate background for the consideration of various specific effecls or
arcas of application; the use of XPS for the study of valence levels in molecules
and sotids is also considered. Section 1V discusses chemical shifts ol core-
electron hinding cnergies and various models used for interpreting them.
Several effccts primarily related o complexitics in the final state of photo-
cmission (namely relaxation phenomena, multiplel splittings, various many-
electron interactions, and vibrational broadenings) are considered in Section
V. In Scction VI, various aspects of angular distribution measurements on
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solids are considered. Finally, Section VII summarizes the present state of the
technique and points oul certain likely arcas for luture development,

H. FXPERIMENTAL CONSINERATIONS

The basic components necessary for performing an XP'S cxperiment
consisl of a radiation sourcc for cxcitation, the specimen o bhe studicd, an
electron encrgy analyser, and some form of detection and control system.
Fach of these four distinet aspeets of the experimental system is considered
below. There are by now several commercial sources for complete Xrs
spectrometer systems? 9 which represent various design approaches 1o cich
of thesc components.

A. Radiation Sources

The standard x-ray tube consists of a heated-filament cuthode from which
electrons are accelerated toward a suitable solid anode (usually waler-cooled)
over a poteniial of the order of 5-20 kV. Hales formed in the inner levels of
the anode atoms by electron bombardment are then radiatively fitled by
transitions from higher-lying levcls, with the resullant emission ol x-fays.
A thin, x-ray-triansmilting window separates the excitation region {rom the
specimen in most tubes. In gencral, more than one relatively sharp x-ray linc
will be emitted by any anode material, and the encrgy widths assotiated wilh
various lines can also vary considerably from line ta line or trom clement o
clement.™ An additional source of radiation from such a tube is a continuous
background ol bremsstrahlung. ™ The choice of an anode material and operat-
ing conditions is thus madc so as to achieve the closest possible approxinmation
to a single, intense, monochromatic x-ray line. Various design geometries for
such x-ray tubes are discussed in the literature,™ 1 31 3% with one ohvious
choice being whether to hold the anode or cathode at ground poterdial.

The anode materials most commonly wlilized in XI'S studies are Mg and
Al and, to a much lesser degree, Na and Si. Each of the members of this
sequential scries of second-row aloms gives rise to an x-ray spectrim that is
dominatcd by a very inlense, unresolved, Kay Koz doublet resulting from
transitions of the type 2p,-»1s and 2p,—1s, respectively. The first demons-
trations that such fow-Z anodes could be utilized in XPS studies were by
Henke.?® These were followed approximately five years later by higher
resolution applications by Sieghahn and co-warkers.? The mean energies of
the x-rays produced in such SQUFCCs AT NaKoy 2 10410 eV MpKa 2
12536 eV,3 AlKay o— 1486-6 eV and SiKxy, 2 1739:5¢V.™ AL these
x-ray encrgies, aluminium or beryllinm windows of 10 30 ¢m thickness are
sufliciently transmitting for usc in scparating the tube and specimen region.
Additional x-ray lincs are also produced in such tubes, as indicated in Vig. 2
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for a magnesium anode? (note the logarithmic scale). These consist of
salellites arising from 2p >[5 transitions in aloms that are doubly-ionized (KL
in Fig. 2), triply-ionized (K L2), etc,, and arc denoted variously as Ka', Kag,
Koa. ..., Kxja. Kag and Kagare by far the most intense, and, in Mgand Al, they
occur at ahout 10 ¢V above the Ka,, 2 peak and with intensities of approxi-
mately 8%, and 4%, of Kaj, 2, respectively. Photoclectron spectra obtained
with non-monochromatized sources ol this lype thus always cxhibit a

characteristic double peak at kinetic encrgics ~ 10 eV above the strong
5
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Fig. 2. The K x-ray cmission spectrum of Mg metal as emitted by a non-monochromatized
x-1ay sousce. The peaks indicated ay, 2, . . ., B correspond to various transitions into the
K — I's subshell, The dashed line is an average background and the solid line is lhl't net
specttum. Note the logarithmic intensily scale. The notation K corresponds to a s!ngle
initial 15 hole, K1. 10 initial holes in hoth 15 and 25 or 2p, KL? to & single initial hole in 1s
and twe indtial hales in 25, 2p, etc. (From Krause and Ferrcira, ref. 37.)

Kai. 2 peaks. The Ka', Kas, ..., Kaiq satellites are <19 of Kay, 2 in magni-
tude, and so, for most applications, can be neglected. An additional band of
KP x-rays arises pal energics approximately 45-50 eV above Kay, 2 and is
the result of valence »ls transitions; the K inlensity is approximatcly
17 of Koy, 2 for Mg and AL3 Thus, to a first approximation, the x-ray
spectrum consists only of the very intense Kay, 2 x-ray and most work has
been based solely on an analysis of Kay_ s-produced photoclectron peaks.
llowever, in any study involving weak photoclectron peaks, or peaks

generated by Kay, 2 which overlap with satellitc-generated peaks due to other
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electronic levels, the non-monochromatic character of the x-ray source must
be taken into account. {or such non-monochromatized x-ray sources, the
primary limiter of instrumental reselution is thus the natural linewidih of the
Kay, 2z linc. As judged by the full width at hall maximum intensity (I'WHM),
this resolution fimit is approximately 0-4 eV for NaKx 2% 0:7¢V for
MeKay 2% 08¢V for AlKey, 2™ and 1-0-1-2eV for SiKey 2.3 This
width decrcases with decreasing alomic number for two reasons: the
2p)-2py spin-orhit sphiting decreases and the Is hole lifctime increascs.
Materials of lower atomic number arc thus favoured for width, but Mg and
Al are generally utilized beeavse of their lower chemical reactivity and vapor
pressure in comparison to Na, and thus their casicr labrication and use as
anodes. Although ncon is expecled to yield a Koy, 2 line at 8486 ¢V of
only ~0-2-0-3 ¢V width, no altempts at constructing such a source for use in
XPS have as yet been successful. The use of Kay, 2 lines from elements below
neon in atomic number is generally not possible because the valenee 2 levels
involved are broadencd by bonding eflects, introducing a corresponding
broadening in the x-ray linc. However, the Kay_z x-tays of I in highly ionic
compounds have becn used recently in XPS 40

The monochromatization of such Koy, z x-rays by Dragg reflection
from a suitable single crystal has also heen utilized to achieve narrower
excitation sources, as well as to eliminate satelfite lines and bremsstrahbung
radiation 3. 23. 25. 41. 42 Ahthough the intensity loss in such refleclions is
considerable, pholoclectron peaks as narrow as 0-4 ¢V have been observed
with monochromatized AlKa excitation;25. 4. 42 (his width is (0 be com-
pared to the =2 0-9eV typically found without monochromatization, To
compensate for the loss in intensity due 1o monachromatization, various
procedures have heen utilized, including the use of very high-intensity
x-ray tubes involving rotating anodes,®' monochromalor systems with
more than one crystal 25 41 multichannel detection systems,?5 41 and
dispersion-compensating x-ray- and efectron-optics.? 25 Iy dispersion com-
pensation, all photon cnergies within the Koy 2 linewidth arc spatially
dispersed by Bragg reflection and wilized for photoclectron excitation, hut
their linc-broadening influence is nullified by the action of the dispersive
electron energy analyzer; the commercial Tlewlett Packard system hased
upon this mode of operation yiclds optimom photoelectron peak widihs with
AIKCI.[. ] of ~0-5¢V FWEIM 25

An additional type of ultra-soft x-ray transition thal has been utilized
successfutly in XPS studies is the MZ transition (4p! ~3dy) in the sequential
clememts Y Lo Mo. The use of such x-rays in XPS was first suggested by
Krause,™ wha pointed out that they yicld sufficiently intense and mono-
chromatic sources in the very interesting energy ranpe of 100 < e < 200 ¢V,
cven though various satellite x-riys are present. The most narrow and (hus

U
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most used lines of this type are those for Y (fv== 1323 ¢V, FWHM =0-5¢eV)
and 7 (he=151-4 ¢V, FWHM =0-8¢V), and they have becn successfully
apphicd to studics of both valence levels and ouler core levels. 373 The ultra-
soft character of these x-rays and their resultant decreased ability Lo penetrate
through malter, as well as the significant sensitivity of their linewidths Lo
surface chemical alterations of the anode surface, lead 1o several speciat
fcatures of tube design. Thin polymeric windows must be used. Relatively
high excitation vohages as compared to hv of ~4-6 kV are also bencficial to
maximize the intensity originating in the metallic anode interior (as distinct
from its oxidized exterior).® And, in the highest resolution dcsigns, a con-
tinuous deposition of fresh anode maleriat is provided during operation.34- 8

A final rather new development in x-ray sources by Hovland*® that deserves
mention here leads (o 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 dirccted 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
w-rays readily pass (hrough the (hin foil and specimen, exciting photo-
clectrons from a corresponding spot near the specimen surface. Lateral
spatial resolutions of as low as 20 pym have so far been achieved, and a
pumber of potential applications for such scanning XPS measurcments
exist.? The only significant limitation is that it must be possible to prepare
sufficiently thin specimens (~ 1000-10.000 A) that x-ray attenualion in
penctrating Lo the surface is not appreciable.

The x-ray sources discussed up to this point thus permit high-resolution
measurements to be carried out in the two approximale photon-chcrgy ranges
100 200 ¢V and 1000-2000 eV, with a relatively little cxplored region from
~ 200 100K ¢V separating them. Anothey source of radiation in the photon
encrgy region from 100 to 2000 eV of principal interest here is the so-called
synchrotron radiation that is emitted in copious quantitics by centripetally-
aceelerated electrons moving with highly relativistic velocities. 15 41 This
continuous spectrum of radiation is sufliciently intense lo permit selection
of a narrow range on the order of tenths of eV or tower with a suitable
monochromator {uswally a grating) while still maintaining fluxes adequale
for photoemission studies. A number of excellent photoemission studies have
by now heen performed using such radiation ' although these have so far
been restricted 1o pholon encrgies between approximately 10 and 350 eV,
priscipatly hecause of the difficulty of achieving adequalte monochromaliza-
tion withoul severe inlensity loss for soft x-rays of 2350 eV. Such radiation
has the adviunages of being both continuously variable in encrgy, as well as
lincarly polarized to a high degree; ™ thus, the cxploration of phenomena
dependent upon photon energy and/or polarization are much maore casily

X~-RAY PHOTOELFTCTRON SPECT ROSCOTY il

studied than with more standard ultraviolet or soft x-ray sources. By contrast
the soft x-ray tubes discussed previously emit radiation that is randomly
polarized to a very good approximalion.

B. Specimen Preparation

1. Introduction. X-ray photoelectron spectra have been ohtained from
specimens present as pases, solids, or liquids. The preparation and handling
of any specimen requires considering (wo important factors: (1) In order
1o avoid cxcessive inelastic scatiering during photoelectron traversal through
the cnergy analyzer, pressures between the specimen and the detector musl
be maintained at < 10-1 tore. This limit is casily estimated by considering a
typical path length during analysis of 100 cm, and requiring that the total
number of atoms/molecules encouniered along this path be no greater than
the analogous number encountered along the mean no-loss distance of
emission from a typical solid specimen of ~20 A. (D) As the emission of
photoclectrons, Auger electrons, and secondary electrons from any specimen
constitutes a net toss of negative charge, it is also necessary to minimize or in
some other way correct for the possible occurrence of a significant posilive
potential buitd-up in the emitting region, One way in which this is accom-
plished to some degree in any system is by the flux of similar clectrons emitted
foward the specimen by various portions of the specimen chamber and holder
which are also in generat exposed to exciting x-rays and/or electrons, although
this can in fact lead to the opposite problem: a negative potential build-up 4%
The charging potential Ve produced by any nct imbalance between charge
input and output may vary throughout the specimen volume and in effect
cause a range of encrgy level shifts from the values corresponding 1o the
limiting situation in which no charging occurs. Thus, if 1 is the spatial
coordinate of the emission point within the specimen, and FuViU? and Fag®
are the binding energy and kinetic energy expected for emission from tevel
& in the abscnce of charging, the photoelectric cquation {lq. (D] can be
rewritlen as

hv=Ep¥(k, r} + Exin(r)

= FpY (k)" + Exia(r) + Velr) 03]

Thus. if ¥c(r) is sighificant with respect to the typical instrumental resolution
of ~0-t eV (which it indeed can be in certain cases? ™), the measurcd
binding cnergies EinY(k, 1) will in gencral be different from FuY(r. and peak
broadening atso may occur, To minimize or correct for such cllects, studies
of peak position versus x-ray flux can be made 15 4% and a variable cxternal
source of electrons can be provided 28 FFor gaseous specimens, the pressure
can also be varied.d For solids, it is also customary to connect the specimen
electrically to the specimen chamber as well as pussible. Also, the presence
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of a certain reflerence atom (for example, gold or carbon) on the surface of
the specimen can be used to correct for charging,4” although this procedure
is often not completely unambiguous. A method recently developed by
Grunthaner™ involves floating a solid specimen at & variable negative
potential and noting that potential at which an external source of mono-
energetic clectrons just begins to reach the surface; although not widely used
as yel, this method seems o provide a very direct way of measuring surface
potential distributions and thus correcting for them.

2. Gaseons Specimens. The basic requirement for gas-phase studies is a
chamber to contain the gas with an x-ray-transparcnt window separating it
from the x-ray source and a small opening or slit to permit photoelectron
exit into the energy analyzer 8. 33. 47,49 51 Typical gas pressures required
in the chamber are from 10-2to 1 torr, and therefore some form of dilferential
pumping is generally necessary between the exil stit and the analyzer in order
to minimize gas-phase inclastic scatlering eflects,® as discussed previously.
Typical specimen volumes are of the order of | cm®. The first gas-phase XPS
studies were performed by Krause and Carlson,*® followed shorlly thereafier
by the more extended investigations of Sieghahn ef al.* The gas in the chamber
can be provided by a room-lemperature gas-phase source, or can be the result
of heating liquid-1 or solid-? phase reservoirs. With such devices, melals and
other vaporizable solids can be studied by photoelectron spectroscopy in the
gas phase.? % In certain studies, rather significant changes in peak positions
and relative intensitics due (o the combined cffects of charging and kinetic
cnergy-depeimdent inclastic scatlering have been noted,? but, in gencral, these
are relatively small, especially at lower pressures.

‘or gas-phase spectra, the vacuum level is the naturally-occurring refercnce
level, so that Fgs (13 and (2) are directly related to measurable quantities.

3. Sofid Specimens. There are various methods of preparing solid specimens
suitable for study by XPS. Typical specimen areas are ~ 1 cm? or smaller,
and, because inelastic scattering elfects limit the no-loss emission to a mean
depth of only 10-80 A below the surface (as discussed in more detail in
Section LY, this corresponds to an aclive specimen volume of only
approximately 10 % em?. Thus, total masses of only 1-10 pg arc involved,
and amounts of material on the order of 10 ? g can be delecicd under certain
circumstances. Any change of the chemical composition in the first few atomic
Layers mear the surface can thus also have a significant influence on results.

Machineable solids can simply be cut, cleaved, and/or polished into shapes
suitable for mounting in the specimen position. For materials that can be
prepared as {ine powders al room temperature, specimens can also be prepared
by pressing the powder into a uniform pellet (perhaps supported by an
imbedded conductinp-wire mesh) or by dusting the powder onto an adhesive
backing such- as that provided by double-sided 1ape (although this procedure
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has the rather undesirable characteristics of limifing (emperature excursions
am] providing a steady source of surface-comtaminaling carbonacecous
volatiles). In order to minimize atmospheric contamination or alteration of
specimens, linal preparation in an incrt-atmosphere glove box or bag,
perhaps attached to the specimen chamber, can be useful. Flements and
certain compounds can also be heated in sitn and vapor-deposited on a
supporting substrate to form specimens. Alternatively. dissolved materinls
can bhe deposited fram solution on a substrate, cither by evaporating off the
solvent or by selectively electroplating out various components. ™ Maitcrials
that normally exist as liquids or gases can alse be condensed oo snitably
cooled substrates for study in the solid state.? A broad range of specimen
temperatures has by now been investigated, ranging from near that of liquid
helium (4 K)™ to several thousand degrees Kelvin.

The extreme surface sensitivily of XPS also leads in many applications to
the requirement that the specimen region be held at pressures of < M0 ® torr
in order to permit adequate control of surface composition. For exa mple, for
Oz at 10 ® (orr and 25 "C, the gas-phase collision rate with a surface will be
such that, if each molccule striking the surface remains there (corresponding
to a sticking cocflicient of 1D), a full atomic layer will be deposited in
approximately 50 min.% This minimum monolayer coverage lime varies
inversely with pressure, so that pressures of the order of 10 ' torr are neces-
sary to insure the maintenance of a highly reactive surface in a clean state
over the period of time of scveral hours usually required for a series of XI'S
measurements. In preparing such surfaces, in sitie cleaning by vapor deposition,
cleaving, scraping, or inert-gas ion bombardment is thus often used.55

For the case of sofid specimens, an elecirical connection is made 1o the
spectrometer in an attempt to minimize charging effects and maintain 2 well-
defined and fixed potential during pholoemission. For the simplest possible
case of a metallic specimen in a metallic spectrometer, the encrpy levels and
kinetic energies which resull are as shown in Fig. 3. Thermodynamic cqui-
librium between specimen and spectrometer requires that their clectron
chemical potentials or Fermi levels be equal as shown. 1n a metal at absolute
zero, the Fermi level Eg has the interpretation of being the highest occupied
level, as indicated in the figure; this interpretation of Zg is also very nearly
true for metals at normal experimental temperatures. For semiconductors
and insulators, however, it is not so simple to locate the Fermi level, which
lics somewhere between the filled valence bands and the empty conduction
bands. The work lunction ¢ lor a solid is defined to be the chnergy separition
between the vacuum level and the Fermi level. When connecled as shown in
Fig. 3, the respective vacuum levels for specimen and spectrometer need not
be equal, however, so that in passing from the surface ol the specimen into the
spectrometer, an electron will feel an accelerating or retarding potential
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Fig. 1. Pnergy lovel diagram for a metallic specimen in clectrical equlibrium with an
electron spectrometer. The closely spaced levels near the Fermi Yevel Er represent the filled
portions of the valence bands in specimen and spectrometer. The deeper levels are core
levels. An amalogous dingram also applies 1o semi-conducting or insulating specimens,
with the only difference being that Er lies somewhere between the filled valence bands and
the ety conduction bands zhove.

cqual 10 ¢e = depect, where ¢y is the specimen work Tunction and dapect is
the spectrometer work function. Thus, an initial kinetic energy Fxin’ at the
surlace of the specimen becomes Euin inside the spectrometer, and

Ekln=Ekln'+¢'n""J’moct (3)

From Fig. 1t is thus clear that binding cncrgies in a metallic solid can be
measured quite easily relative to the identical Fermi tevels of specimen and
spectrometer. The pertinent equation is

= EhF(k}"’Ekln*‘d’npeN 4)

where the superscript T indicates a Fermi level reference. Provided that it is
also possible to determine the specimen work function s from some other
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measurcment, vacuum-referenced binding encrgics can then be obtained from
Fu¥ik) = EnY(k) A éa (5

In fact, pholoelectron spectra can be used to derive vacuum-referenced
binding cnergics by measuring the position of the zero-kinetic-cherpy cul-ofT
of the usually very intensc secondary clectron peak. Such a cut-ofl is shown in
Fig. 4 in XPS dada obtained for metallic Au by Bacr.%0 This procedure for
determining work functions has been uscd extensively in UPS studies,™?
but only in a more limited way in XPS* 5% due to the greater range of
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Fig. 4. Full XPS spectral scan for a polycrystafline Au specimen, showing both the cut-
off of the secondary clectron peak at zevo kinetic encrgy and 1he high-cneigy cul-eft for
emission from levels at the metal Fermi level. The mcasurable distance Al thus cyuals
hv-¢u, provided that suitable specimen biasing has been utilized. For this case, hv was
1253-6 eV and ¢, was 5-1 cV. (From Bacr, el 56.)

encrgies involved. In the simplest situation, both specimen and spectromeler
are metallic and the encrgy diagram of Fig. 3 applies. All electrons emitted
from the specimen are thus accelerated or decclerated by the same work
function difference or contact potential ¢a - fapect before analysis. With no
vollage bias between specimen and specltromcter, the zero-cncrgy cut-ofl
corresponds to electrons propagating in final states exactly at the spectrometer
vacuum level. For the implicit decclerating sign of ¢ - hapeet shown in Fig. 3,
elcctrons propagating in final states al the specinten vacuum level are thus not
observed. However, il the specimen is biased negatively with respect to the
spectrometer by an amount grealcy (han ¢a~ fapeer, then the low-energy
cut-of does represent electrons al the specimen vacuum level or what can be
defincd as the true zero of kinctic energy. For the opposite accelerating sign of
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Ba- fapect, the true zero is observable and negative biasing is necessary only 1o
insure that the cut-ofl is easily distinguishable against other sources ol low-
cnergy clectrons . 58 The low-energy cut-off thus cstablishes the zero of
kinctic energy, and a distance fiv above this on the measured spectral scale
corresponds 1o the point at which excitation from states at the specimen
vacuum level would occor. On the same scale, the high-kinetic-energy cut-off
observahle Tor melal specimens {also shown in Fig. 4) is caused by cxcitation
from oceupicd states at the Fermi level, and the dilference between these two
positions is thus the specimen work function. That is, il the measured
difference in kinctic energy helween the two cut-ofls is denoted by AE, then

d)gzhlr'—AE (6)

In more complex situations where semiconducting or insulating specimens are
involved, initial states al Er are not occupied so as to yicld the same type of
high-cnergy cut-off, although the low-energy cut-olT can still be determined.
The location of Fr in spectra can in (his case be determined by wvsing a
reference melal specimen under the same hiasing conditions, and assuming
that clectronic equilibrivm is fully established between specimen, reference,
and spectrometer. Possible charging cffects make the latter assumption
uncertain in many cases, however,

Whether it is determined from pholoemission measurements or not, in
general some additional information concerning 4, is necessary to determine
Fu¥i{4) for a solid specimen, [nasmuch as ¢, is also very sensitive to changes in
strface composition, it is thus afien Eq. (4) that is used in analyzing data for
melals and other solid specimens. From this discussion, it is clear that
Fermii-referenced binding cnergies are operationally very convenient for
solid specimens, although they may not always be the most directly com-
parahle to the results of theoretical calculations, in which the vacuum level
olten cmerges as the natural relcrence.

4. Liguid Specimens. The requirement that pressures in the analyzer region
be maintained at reasonably low levels of < 10-1 torr means that measure-
ments on common liguids with relatively high vapor pressures can be per-
formed only with difficufty. However, Siegbahn and co-workers*!. #* have
developed lechniques for carrying out such studies; these involve a con-
tinvonsly-replenished tiguid source in the form of either a free jet or a thin
film carricd on a translating wire, 1ogether with a high-speed difTerentiat
pumping system belween specimen chamber and analyzer. With such an
apparatus, i has been possibie to study refatively non-volatile liguids such as
formamide (HOCNEL), as well as solutions of the 1onic solid K1 dissolved
in formamide. Certain liquid melals and other very low vapor pressure
malerials can, on the other hand, be studicd with relatively little special
equipment 50
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C. Electron Encrgy Analysis

1. Brief Overview. The various specific types of cnergy analyzers alilized
in clcctron spectroscopy are discussed in detail in the litcraturg 9. 0. 62
as well as in a special chapler in this serics.® Thus, only certain salicm
features relevant to x-ray photoelectron studies will he reviewed here. In
general, there are several criterin that an analyzer shoold satisly: (1) A
resolution capability of AEyin/Exia =001 %, This corresponuds (o 04 ¢V for
1000 eV clectrons. Mast XPS speciromelers presently operate i the D-0)
0-10% range. (2) The highest possible efficiency (sensitivily, intensity). That
is, the highest possible fraction of clectrons leaving the sample should be
energy-analyzed and detected at the same time. (3) Unrestricted physical
access to the sample and detector regions. This permits a wide varicty of
excitation sources, specimen geometries, and delector systems ta be nscd.

i
Erergy H
analyrer J
'
i
|
.
Multichannet
detector
Retardation
section

Fig. 5. Schematic illustration of an XPS specirometer system indicaling the primary
components of radiation source, sample, clectron encrgy analyser, and detector. For the
specific example shown here, The encrgy analysis is accomplished by a pre-retardation section
followed by a hemispherical electrostatic analyzer. A multichannel detector is also shown
Tor generality.

(4) Ulira-high-vacuum capability for work on solid samples il surface
composition is to he preciscly controlled. (5) Ease of construction. Oncdesign
philosophy often used for increasing the ease of construction s to inserl
retardation section hefore the analyzer as shown schematicatly in ['ig. 3,
so that the energy of a given clectron can be reduced from its initial valuc of
Eiin 10 the final value at which it is analyzed of £,. For a given ahsolurte
resolution of AFuw, the relative resolution required from the analyzer is thus
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reduced from AEunfExin 10 AEwin/ Ea, thereby permitLing looser toleranceson
many mechanical and electrical components. The net eflects of such retarda-
tions on intensily may or may not be deleterious, however, and are discussed
in nore detail in the next section. {6) Relative insensitivity to externaf environ-
nent, particularly as regards the shielding of extrancous magnelic fields.
The vast majorily of speciromelters currentiy in use are based on inleraction
with clectrostatic fields and for these, u-melal shiclding is gencerally used to
exclude extrancous magnelic fields. Only for the relatively few magnctic
spectrometers in use are Helmhollz-coil systems required for magnetic field
cancellation.® 1 Quantitative estimates of the degrees to which extraneous
magnctic helds must be excluded for a given resofution have been calculated
previousty 54 (7) If angular distribution studies are intended, well-delined,
and perhaps also variable, angles of electron exit and x-ray incidence. This
requirement generally acts counter to that for high eficiency, as it implies
detecting only clectrons emitted in a relatively small element of solid angle,
thus recucing the total number that can be analyzed and detected.

With these constraints, there are sevcral possible analyzer configura-
tions, S 62 hut the three that have been most used in XPS are all of the
spatiaily dispersive type, and consist of the hemispherical electrostatic
(schematically shown in cross-section in Fig. 5),% #1. %% the cylindrical mirror
electrostatic (CMA)S. 998 and the double-focussing magnetic with a
I \/r field Torm. #. 8 In ajl of these analyzers, electrons are dispersed on
the basis of kinctic energy along a radial or axial coordinate. For reasons of
bath ease of construction and magnetic shielding, the two electrostatic
analyzers are much mose common than the double-focussing magnetic,
although a number of important early studies were performed on such
instruments,? 3 and a fully-optimized spectrometer based upon the ///r
fichl form is presently under construction. ®* 70 In addition to these dispersive
analyzers, limiled use has also been made in XPS of non-dispersive analyzers
based upon the retarding grid principle.71-73 Such analyzers are usually of
relatively fimited resotution (~19), 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
clectron diflraction (LEED) system as a retarding grid analyzer. A further
type of commercial analyzer developed specifically for XPS studies by the
DuPont Corporation? is a hybrid with both dispersive and non-dispersive
characteristics. Its first stage consists of an electrostatic defleclion section
that sclects a band of energics in a dispersive mode ; iwo subsequent retarding
grid sections act as low-pass and high-pass fillers with the net result that only
a narrow band of encrgies is delected alter the high-pass filler. A final type
of XPS spectrometer with certain unique features is that formerly produced by
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the Hewletl Packard Company,?® which makes use of dispersion-compensaling
x-ray- and electron-optics. 74 Ta this system, an x-ray monochromator is
matched to a retarding-lens/hemispherical-electrostatic-analyzer unit in such
a way as to maximize intensity and minimize linewidths without the use of
any slits in the x-ray oplics; the detailed performance of this spectrometer has
been analyzed recently, 74

2. Specirometer Efficiency and Retardation. The resolution and efficiency
of any spectrometer are of critical importance, These propertics arc highly
dependent upon one another, since (or opcration at lower resolution (higher
AFExnfFrin), a higher fraction of electrons can usually he encrgy-analyzed
and detected. For operation at a given resolution, the overal efliciency £ of
a dispersive analyzer can be wrillen as proportional to the following product®

EmBA(l’SEkIn ‘?}])

in which B is the brighiness or intensity of the electron source for the enerpy
analyzer in electrons per unit arca and per unit solid angle, A is the area of the
source, £} is the solid angle over which electrons from the source are accepted
into the energy analyzer and detected, and AEw, is the range of cleciron
energies or spectral width which can be analyzed at one time (as. for example,
by a multi-channel delector). B, A, and Q in general depend on Fyyn for a
given speclrometer. §Fyn will thus be proportional 1o N, the number of
distinct energy channels simultancousty detected. If B and A vary over the
area of the source, then a more correct statement of this cfliciency involves an
integration over the surface as

Ea ([ BQ-dA)- 8Ewn (7h)

The effective clectron source as seen by the analyzer is often defined by an
aperture in fronl of the photoemilting sample, and, depending upon the
system, B, A, and (2 may refer to this aperture or to the truc specimen surface.
If a mullichannel detector is utitized, 8Fn may in principle be as large as
107, of Eiin,2 8 whercas the resolution AExa will be 20:00% of Ey.
In this case, the detector would correspond to < 1000 channels. The notation
used in this discussion is indicated in the schematic drawing of Fig. 5, where
subscript zeros have been used on all quantitics after a hypothetical retarding
scction. Such a retarding section may or may not be present, according (o the
specific system under consideration,

Hetmer and Weichert?s first pointed out that, for the gencral class of
dispersive analyzers used in XPS, itis possible to retard before analysis, and,
for a given absolute resolution AFy . to gasn in overall efliciency in a system
with single-channel detection (for which 8Eyun<AEp, and N = 1), and this
result has proven useful in several specific spectrometer designs. 29, 25, 27, 28,30
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Their analysis (which has also been extended to apply to systems with multi-
channel detection hy Hagstrdm and Fadley®) compares the operation of a
given dispersive analyzer with and without retardation for a fixed resolution
AEyin, and with a primary electron source of fixed hrighiness B (cl. Fig. 5).
I also requires that the source arca A9 and solid anple Qg utilized at the
analyzer entrance (and thus perhaps after the retardation section) be adjusted
to the maximum vahues consistent with a resolution of AEy, in cither mode of
oncratton and that the primary source (for example, a lirst enteance aperturc)
be capable of supplying electrons over sufficient arca and solid angle (o fill or
illuminate both Aq and {2 with electrons. There arc then two factors to be
considered : (1) The loss of brightness with retardation. This loss of brightness
has been derived for a few peomelries involving a source and a non-ahsorbing
retardation (or acceleration) section. IT @ is defined (o be the angle between
the clectron emission direction and a planar source surface, these geomelrices
inclhwde a source emitling with a sin £ intensity distribution into an arbitrary
poim-to-point imaging lens system,’® and a source with cither a sin 877
or an isotropic? intensity distribution emitting intoe a uniform retarding
fichd perpendicular to s surface. These derivations, which often (but not
always) make usc of the Abbe sine law?. 7% or ils paraxial-ray approxi-
mation the Langrange-Helmholtz relation,® 7 result in a simple brightness

variation of the form:
Eo
bp=h 8
? (Euin) ®

in which Bo and Fa arc the brighiness and kinelic energy afier retardation.
The cases for which this relationship has been shown to hold thus represent
limits that arc relatively casily achieved experimentally. Without retardation,
the efficicney of a spectrometer conlorming to this brightness law and posses-
sing only a single channel of detection will be

Ecc BAQ) b))
whereas with retardation it will be
E'oc BoAo o {10)
or, from Eq. (R),
E'ocB( f:'..) AoQo (1)

(2} The gain in efficiency associated with the increase of Aa and Ly relative 1o
A and A} pernvitted by the decrease in relative resolution from (AEgn/Evin) to
(AFuin/Ew). As a specific example, consider the hemispherical efecirostatic
analyrer, which is shown in Fig. 5. s resolution is controlled by the radial
source width s, the axial (oul-of-plane) source height #, the radial detector
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widlth d, the radial angle of cmission a,, the axial (out-ol-planc) angle of
emission a;, and the oplic circle radius Ry, according to 3. 61
Bkn_ t o2 (X Yer P 06t b sman
— =) — 14 = - (O1x? + smaller tcrms in 3 ele.

Eun 4R R.) 'k, ' mrascle (1)
The system is thus first-order focussing in r and ey, and second-order locussing
N az Adso, sh=A (or Ag with retardition) and aza, o0 (2 (o 1y with retarda.
tion). Optimizing the selection of each of the four paramcters s, o and oy
by the reasonable procedure of requiring an approximately equal contribution
from each term to Afun/Exia® thus means that

AF ki AEn ! Afim\?
soC , ho . oepocf — (13

Fxmn “kin

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

AFyinY! Aln )i
Ao . -
( Eyxin ) O(( Fuin ) 4
whereas with retardation
AEltln ' A"-kll )
Agoc . Qo | 22
0 ( i 0 ( . ) (13)

The ratio of cfliciencies with and without retardation is then alter cancel-
lations

E' Eqn

T o
Thus, a tenfold retardation yiclds a tenfold loss in B, but a enc hundredfold
increase in the useable AL product, so that a net tenfold gain in clliciency
resuits. Similar considerations apply to the other dispersive analyzers used in
XPS,” provided that an appropriate relardation section is utilized. The
application of such an analysis to a spectrometer in which a maximum degree
of multichannel detection is incorporated is, by contrast, found to yicld an
approximately constant overal) efliciency with retardaiion.®

D. Detection and Comirol

With very few cxceptions, the detectors presently used in x-ray photo-
electron spectroscopy are hased on continuous-dynode clectron mutiplicrs
of the “channeltron’ type.82. 7% . These consist of fine-bore lead-doped
glass tubes (rcated by hydrogen reduction ai high temperature (o leave the
surface coated with a semiconducting material possessing a high sccondary-
electron emissive powcer.%2 Tube inner diamelcrs vary from 1 mm down

.
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(o 10 pm. A high voltage of a few kV is applied between the ends of such a
tube, and multiphications of 10%-10% are achicved by sepeated wall collisions
as clectrons travel down the inside of the tube. These multipliers are avatlable
in various configurations, often involiving tubc curvature to minimize ion-
induced alter-pulsing. Stacks of parallel tubes in the so-called *‘channcl-
plate™* geometry are also available for use in multichannel detection schemes.
Parallet-platc multipliers based upon the same principle have also been
attemped.??

The efficiency gains concomitant with multichannel detection have led to
the usc of such a system in one commercial spectromcler 2% in which the
multiplicd clectron pulses from a channel platc are accelerated into a
phosphorescent screen, behind which (and external to vacuum) is situated a
vidicon camera for translating the optical signal into counlable electronic
pulses. Other forms of multichannel detection system based upon channel-
plate/resistive sirip combinations have also been used®! to a limited degree,
and solid-state image sensors of a diflerent type appear to offer good possi-
bilitics for future applications of this nature.®?

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

E. Dara Analysis

The aim of spectral analyses in XPS is to determine the locations, intensities,
and, int certain cases, also the shapes of the various pcaks observed, many of
which are not clearly resolved from anc another. Several complexitics must be
allowed for in doing this: (1) Alt peaks will exhibit inclastic tails toward low
kinctic energy and these tails may in turn exhibit structure (see, for example,
Fig. ). As a rough approximation that is useful for many solid malcrials, a
major portion of the inclastic tail can be assumed to have a linear or conslant
form, with extra features perhaps supcrimposed on it.  Valence spectra from
solids have been corrected for inelastic scattering by using a close-lying core
level to derive the form of the inelastic tail ¥ P2 a5 well as by the more

X-RAY PHOTOULECTRON S CTROSCOPY 23

approximate procedure of assuming an asymptotically-constant tail at low
kinelic encrgy whose value at any cncrgy is proportional to the imicgraled
no-loss peak intensily at lugher kinelic energics.™ (2) All peaks nde on a
background of secondary electrons from higher-kinctic-encrgy peaks. This
background also can often be approximated as lingar or constant. (}) The
basic peak shapes observed in XI'S are a convolution of scveral varable
factors: the exciting x-ray lineshape, contributions from weaker x-rays such
as satellites in non-monochromatized sources, the analyzer lineshape., possible
non-uniform specimen charging, a Lorentzian hole-state lifetime contribution,
Doppler broadening in gases,? and various {inal-state ¢llects mvolving many-
electron excitations® and vibrational excitationst? 8 (as discussed further
in Section V). Thus, no universal peak shape of. for example, Gaussian,
Lorentzian, or Voigt-Tunction form can he used, and maost analyses have
involved a somewhal trial-and-error fit for each specific problem. One rather
general lcast-squares program for carrying out such fis permits choosing
several basic pcak shapes of Gaussian of Lorentzian form, to which arc
smoothly added an asymptotically-constant inelastic tail of variable heipht#
The effects of satellite x-rays can also automatically be included in the hasic
peak shape chosen, and 2 variable lincar background is also present. Examples
of spectral analyses for atomic 4d core levels using this program are shown in
Fig. 6.%8 Lorentzian shapes have bcen used for Xe and Yh, and Gaussians
for Eu, and the overall fits to these spectra arc very good.

Beyond spectral analyscs involving fits of certain functional forms to the
data, Wertheim®*”- 8 and Grunthaner®® have also developed lechniques for
deconvoluting XPS spectra so as (o mathematically remove instrumental
linewidth contributions. The form of the instrumental linewidth has, in turn,
been derived from the shape of the high-encrgy cut-ofl at the Fermi cnergy
for a metaltic specimen (cf. Fig. 4). This is possible because, 10 a good approxi-
mation, the density of occupied states ends in a vertical step function at Fy.
The term “deconvolution™ is also often incorrectly used to describe the resulls
of peak-fitting procedures.

111. THE PHOTOEMISSION PROCESS

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

A. Wave Functions, Total Energics, and Binding Energics

In any photoelcctron emission cxperiment, the basic excitation process
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I'ig. 6. 4d cone pholoclectron spectra from gaseons Xe, Fu, and Yb praduced hy excila!inn
with non-menochromatized MgKa x-tays {cf. Fig. 2). The spectra have heen resolved into
contponents by least-squares lits of peak shapes including the s, asatellitesand an asymptoti-
cally-constant incfastic tail. Lorentrzian shapes were uscd for Xe and Yb, Gaussian for Fu.
(hrom Ladley, rel. 1Y (where the curve litting program is described) and Fadley and
Shiricy, rel. R6.)
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involves absorption of a photon of encrgy Jiv according to

Initinl state Tinat state

Vot (V). Etat N} — " - Wiodl(N. K), Eiat/(N. K) an

Here Wia(N) is the initial-state N-clectron wave function corresponding to
A total energy Ein/(N), and 1o f(N, K) is the Kth final-state N-clectron wave
function {including the photoclectron) corresponding to a total encrgy of
LEio/(N, K). The rclevant energy conservation equation is

Ewot{N)+ = Exi (N, K) (1)

In the simplest situation, the index K thus labcls the one-clectron orbital &
from which emission occurs (as discussed below), but in general it shouhd
describe all modes of excitation possible within the final state, including
clectronic, vibrational, and translational. In all forms of higher-encrpy
photoelectron spectroscopy, it is customary to assume that the photoctectron
is suflicienily weakly coupled to the (N = I)-electron ion left behind so as to
permit separating the final state of the excitation process to yicld
Initial siate o
Via(N), Etf(N) ——,

Final sate lon Photaclectron

i (N1, K), Eenf(N— 1, K3+ $H (1), Exan (1N
in which 'Fiot/(N — I, K) and Ei (N1, K) refer to the Kth (N -- [)-clectron
ionic state that can be formed, Eyn is the kinetic cnergy of the Kth photo-
electron peak, $/(1) is the spatial part of a one-elcctron orbital describing the
photoclectron and y/(1) is the spin part of the photoclectron orbital {(y —a or
A). The Torm of $/(1) thus depends on kinetic energy. (For simplicity here,
any change in kinetic encrgy due to work function dilferences between
specimen and analyzer is neglected.) ¥ /(N -1, K} and #/(1) can, if Jdesired,
be combined in a suilable sum of products to yield the correct overail anti-

symmelry with respect to electronic coordinates necessary in the final state.
This can be written with an antisymmetrizing operator A4 as ;0. #l

Tia/(N, K)= A@(Dx/(1), Yo/ (N 1, K)) (20)

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

Ew(N}+hv=E/(N—1, K)+ Fun (21)

The hinding energy corresponding to leaving the ion in a state describable by
Wi/(N— 1, K} is thus given by

EnY(K) = Ewtf(N = I, K) = Eia'(N) (22)

in which the vacuum-level reference is implicit.
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One inherent source of linewidth in any binding encrgy measurement is
thus energy broadening due to lifetime effects in either the initial ot final
state, IF the relevant lifetime is denoted by 7, uncertainty principle arguments
thus lead to a broadening that is Lorentzian in shape, with a FWHM in eV
given by ~hjr—6-58 < 10° 18 /4(s). The initial state lifetime is usually
very long, and so contributes negligible broadening. However, final-statc
lifetimes are estimated to be as short as 10-18 5 in certain cases, so that such
elfects can play a major role in limiting X PS resolution, particularly for inner
suhshell excitation.

In general, for a system containing N clectrons with spalial coordinates
. ¥z, ... tx and spin coordinales of. oz, ...,on and P nuclei with spatial
coordinates Ry, Ra, ..., Ry, any of the total wave funclions constdered will
depend upon all of these coordinates

oot N)=Tan(r1, o1, F2, 02, ..., Fraon; Ry, Ra,ooy Rp) {23)

Nuclear spin coordinates can be neglected on the resolution scale of electron
spectroscopy. 1n the non-relativistic limit that usvaily serves as the starting
point for calculations on such systems, the rcievant Hamiltenian in electro-
static units 1s
H2 N . NP o7zet NN 2
i 2m ?T'l v 12'1 g’u Ul * i>=:'| E’: Fij
Flectron Flectron- Electron-

kinctic nuclear eleciron
attinction repulsion

(24)

Muclear- MNuclear

nuclest kinetic

repulsion
Here. m is the electronic mass, Zy is the charge of the Jth nucleus, ra=|r—Ri|,
riy= |ri— 15}, rim= |Ri—Rm| and My is the mass of the /fth nucleus. To this
must be added relativistic effects, vsually via a perturbation approach ;92-94
the additional term in the Hamiltonian most often considered is spin-orbit
splitting, whicly for atomic orbitals has the form:#3.95. 98

N .
M= Y &l & (25)
-1
‘n which £(r0) is an appropriate function of the radial coordinate r,"% fi is
the one-clectron operator for orbital angular momentum, and § is the one-
clectron operatoer for spin angutar momentum. The 1otal wave Munction then
must satisfy a time-independent Schroedinger cquation of the form

Niot'Viot(N) = Erot(N) T tal(N)
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For such an overall Hamillonian, the Rorn- Oppenhcimer approximation®
permils separaling the total wave function into a product of an clectronic part
Y and a nuclcar part Ynye as

WiotTr, - -y R,,):"’(n, of2, 02, ., TN, an) nue(R1, Rz, .., Ryp) (20)

In this approximation, the elecironic wave function '1'(N) depends only
parametricalty on R;, Re, ... Rpvialhe nuclear-nuclear Coulombic repulsion
polential, and is the solution to a Schroedinger cquation in which the
Hamiltonian is that of Eq. (24) with the nuclear kinetic encrgy term subtracted
off:

e rove
(ﬂw;+— Y "1\_4—) W(N) = (NY(N)= E(NYI'(N) P}

2 Iml )
(Mot here can include spin-orbit elfects via Cq. (25) if desired). The total

encrgy of the system can then be written as the sum of the electronic encrgy
E and the nuclear energy Enuc, a8

Ewor=E+ Ennc (28)

with Ea,e arising rom various forms of internal nuclear molion such as
vibrations, rotations, and translations (center-of-mass motions). 10 the Varous
modes of nuclear motion are furthcrmore independent, the cuergy becomes

Ew=E+ Evio+ Erot+ Etrana + . (2N

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

For example, in the limit of a diatomic molecule with a very necarly
harmonic oscillator form for the curve of clectronic energy, I, versus
internuclear separation,

Eviv=Ffvun(v+1) (30)

in which vyn is the classical vibralion frequency and p=0,1,2, ..., s the
vibrational quantum number. Such vibrational excitations in the final state
jon give risc to the pronounced vibrational bands well known in UPS studices
of gas-phase molecules.?? and have also recently been noted in XPS studics
of both gases?! and solids # (sce Section V.FE). Rotational excitations arc
sufliciently low in cnergy as to be so far unresolvable in XPS studies of
molecules.

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

th+0=p’+pr . (“l)
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where pg, is the photon momentum and has a magnitude ol Mw/c, the
momentum associated with I is taken for simplicily to be zero, pf is the
phatoelectron momentum, and pe is the recoil momentum of the atom or
molccule, treated as a center-of-mass translation. If v is the magnitude of the
photoetectron vetocity, for Exin= 500 ¢V, vjc =0-044 and for Eyin—= 1500 ¢V,
rfc=0-076, Thus, the photoelectrons typically encountered in XPS can be
considered to a good approximation 1o be non-relativistic. In this approxi-
mation, it is a simplc matter to show that Ipu..] zvl2c|pfk for the example of
phatoclectrons originating from valence electronic levels (for which Eyin xhAv).
Therclore, in general |pa,| < {p/| and p/apy, indicating (hat the ion recoils
in a dircction opposite to that of photoelectron emission. By conserving both
cnergy and momentum, it can be shown that for a given hv and Exn, the
recoil encrpy Fr- p2/2M increases with decreasing atomic or molecular
mass M.3 I'or excitation of valence shell photoelectrons with ATKa radiation
(fiv ~ 1487 V), Siegbhahn er al.3 have calculaled the following recoil energies
for different atoms: H—09eV, Li—0-1e¢V, Na—-0-0deV, K--(-02eV,
and Rb- 0-01 eV. It is thus clear that only for the lightest atoms H, He, and
Li docs the recoil energy have a significant magnitude in comparison with
the present 0-4-1-0 ¢V instrumental linewidths in XPS spectra. For almost
all cases, Fr can thus be ncglected. (2} A more generally applicable limit on
resolution in gas-phase studies is set by the Doppler broadening associated
with the thermal translational motion of the emitting molcules. For center-
of-mass motion of a molecule of total molecular weight M with a velocity
V, the electron kinetic energy appropriate for use in Eq. (1) is

Exin” =imjr - V|2 (32)
Thus, the measured kinetic energy Eyxyn =32 will differ from that of Eq. (32)

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

the mean measurcd kinetic energy in a peak is denoted by Exin, then it can
be shown using simple kinetic theory that the Doppler width AE4 (in eV) is
given by 98

33

N AR |
AEg=0-723 % 102 (T E“'“)
M
in which Fyn is in eV, T is the absolute temperature in °K and M is the
molecular weight. At room temperalure and a typical XPS energy of 1000 eV,
AFq is thus <0-10 eV for molecules with Af = 10, In general, such Doppler
broadening is thes net a significant factor in comparison to typical XS
resolutions of ~0-4-1-0¢V, although they can be important in limiling
gas-phase UPS resolution.
In many instances, it is adequate to neglect nuclear motion entircly, and use
Fgs (17 and (19 with the quantities 'F'(N), FI(N), WHN), EX(N). 1IN - |, K},
and EAN— ), K) relating to anly electronic motion, Note that this means
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accurate calenlations must in principle be made on both el state and linal
state. Fhe overall designations for such N-clectron or (N - 1)-clectron states
arc obtained from the various irreducible representations of the symmelry
group corresponding to the mean nuclear positions.™ Por cxample, in atoms
for which spin orbit coupling is small, Russcli-Saunders or 1. S coupling can
he wtilized, yiclding stales specificd by £, 8, and perhaps also Afy, and M.,
where L is the quantum number for total orbital angular momentum .. S is
the quantum number for total spin angular momentum S, and M, and Ay
relate to the = components of orbital - and spin- angular momentum, In the
limit of zero spin-orbit splilling, encrgies depend only on £ and &, yiclding
different L, 5 terms or multiplets with degeneracies of (214 1251 .
Analogous overall quantum numbers apply for molecules ® but they are
scidom used in describing lotal electronic wave functions in solids. Mulliplet
splittings such as those discussed in Section V.C are the result of enerpy
diffcrences between such many-electron states.

B. The Hartree-Fock Method and Koopmans' Theorem

In attempting to determine reasonably accurate approximations (o N-
eleciron wave funclions, a common starting point is the non-relativistic
Harlrec-Fock (HF) self-consistent-field (SCT) method.? . 9% As the Hartree
Fock method fras been widely used in calcutations on atoms, molecules, and
solids at different levels of exactness and also serves as a reference method for
several more accurate and less accurate methods of computing electronic
energy levels, itis outlined here in simplest form. The wave function 1" for an
N-electron system is approximated as a single Slater determinant ® of N
orthonormal onc-electron  spin-orhitals. Each  one-clectron  orbital s
composed of a product of a spatial part d(r) (i =1.2, ..., N) and a spin pat
xi(#) which is equal to either a(m,= +1), or 8 (m,= — 1), for which the
orthonormality relations are

(32 (r)by(r) dr= (i | > =By
| for aax or 8
fxe*@xs(e) do=Cxe| x> =8m, . m,, =
0 for aff or Pa (14)
can then be written as a normalized determinant of the form:
Yad=
Fx (1) da(x2(1Y . b o Dxn_a(1)  SalDxa(l)
FDxi(2)  F220x2A2) . b Dxv_ 12} SN n(2)

\lf'

m . . . . . (35a)

SN INN) S22V .. by (N 1(N) $u(N (N
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or in terms of the antisymmelrizer A as

&= A($1xr, paxe, ..., SNXN) {35b)

where the imtegers |, ... N label the space and spin coordinales ry and o
for each orbital,

The spatial onc-electron orbitals are furthermore assumed to have sym-
metries belonging to the set of irreducible represcntations of the symmetry
group of the equilibrium nuclear geometry, and are in this sensc often referred
to as “delocakized™. Thus, for example, in atoms, the orbitals have the form?s

‘f’nlm,(r. 9, 4= Rair) Y“ﬂ'(ou # (36)

in which Rai(r) is the radial part and the angular part is given by the spherical
harmonic Fim (£ ¢). In molecules, various symmetry lypes arise, as, for
example, To dng, 201, ....%% and the orbitals are often approximated as lincar
combinations of atomic orbitals (LCAQ’s). In solids, the franslational
periodicity of the crystal requires that all such delocalized orbitals be of the
Bloch-function Lype %5, 96. 99

di(r) = mir) exp (ik-1) (37

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

()= C exp (ik-r) {18)

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

p=Hk (39)
F= E..|n=p2/2m=ﬁk2l2m (40)

In the ofien-nsed spin-restricted Hartree-Fock method, each spatial orbital
¢ is also taken 1o he multiplicd by cither o and g in the Slater determinant
(that is, to have & maximum occupation number of 1wo). Thus only N2
unique ¢¢'s arc involved in describing a system with an even number of
clectrons in doubly-nccupied orbitals.

11 the Hamiltonian of Fq. (27) is used together with the varialional principle
1o determine the optimum @ for which the total energy E:(d"ﬂ['l'} is a
minimunt, the Hartree Fock eyuations are obtained. These N equations can
be used 1o determine a self-consistent set of orhitals ¢, as well as to calculate
the total cnergy F of the slate deseribed by @ In atomic units (1 a.u.=1
Hartree - 2721 ¢V, 1 Bohr~ao=0-529 A), the Hartree-Fock equations in
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diagonal form are

P 2 N {
—e2- ¥ ——] (1)} [ Y ) = ¢ dfz] de(1)
- ru Ex] iz

Kinetle  Flectron anddear
arreaction

Flecgran rlectron
€ oufombic
repulvion

~ I (41
—Bmpm., L [I'f'i'm - tfq(l)drg] PN =), P12 N
1 12

i
Flectean eleciron
rechange

where the «'s are termed energy cigenvalues, one-electron encrgics, or orbital
energies. The origins of the individual terms are labelled. The exchange
interaction is only possible belwecn spin-orbitals with parallel spins (that is,
e of BB), and the Kronccker deita S, m,, allows for this. It is‘cnnvcnicnl to
re-cxpress Fq. (41) more simply in termns of the Fock operator F(1) as:

r

. Z N s l
l’(l)q‘q(l)E{—!vlz— z —+ Z [Jy—8m,, mUKjl’ dell) - eihe( 1} (42)

=1 i =

by defining the Coulomb and exchange operalors J; and Kj such that

1
Jipd) = [$1(D) P $(2d(1) drz (43)

1
Ripd =) e $(2ypy(1) d 2 (44)

Thus. the matrix clements of these operalors are the two-electron Coulomb
integrals Jy and exchange integrals Ky:

1
Jy= DTy |1 = [ (D) - S DD dry drz (45)

]
K= (D3| 41> = 18 (04* @) — F(Dd(N dr dre (46)

From these definitions, it is clear that Jgy=Jy. Ky = Kje, and Ju— Ke. Once
the Hartree- Fock equations have heen solved to the desired sclf-consistency,
the orbitals encrgies ¢ can be obtained from

N
a=e+ Y (Jy—38m, . m, Ku) 47
=

where «® is the expectation value of the onc-electron operator for kinetic
energy and clectron-nuclear attraction

LIV E\ AR )

-1

rz
a1y (48)
i
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By comparison, the total energy of the state approximated by @ is given by

) N NN ror oz,
E=(n |0 = Y "+ Y 3 Jiy—-8m,.m Ky)+ ¥ bl

-1 i=l i =1 mat Mm

(49)

Note (hat the first two summations over electronic indices are not simply the
sum of all of the one-clectron energics for the N electrons in the system, as
the sum of the Coutomb and exchange terms in the total encrgy is made with
i< j to avoid counting these lerms twice. This means that measured binding
energics (which will be shown shortly to be very close (o the s in varlue)
cannol be directly used to determine total energies and hence such quantitics
as reaction energics.

Mann!'™ has compiled very useful tables of accurate Martree-Fock
calculations for all atoms in the periodic table, These include one-clectron
encrgies. Slater /% and G* intcgrals for calculating Jiy and Ky, radial
cxpectation values, and wave-function tabulations. Herman and Skillman™
and Carlson ¢r al.\%" have also calculated encrgies, radial expectation valucs,
and local one-efectron potentials for all atoms, using a Hartree-Fock Slater
approximation with relativistic corrections.

In utilizing the Hartree-Fock method for computing binding energies, the
mast accurate procedure is Lo compule the diflerence between EA(N -1, K)
and F*(N) corresponding to the Hartree-Fock wave lunctions /(N -1, K)
and I"(N}. respectively. In the one-clectron-orbital picture provided by this
method, the linal-state wave function can be characterized as having a hole
in the kth subshell, and, for a closed-shell system with all ¢,'s doubly occupied,
the overall index K can be replaced simply by k. As the photoemission process
by which this hole is formed occurs on a time scale very short compared (o
that of nuclear motion (~10 %5 compared to ~10-1%5), the nuclear
positions in ‘1N — 1, K) can be assumed 1o be identical to those in 1(N),
and the nuclear-nuclear repulsion sum in Eq. (49) wilt thus cancel in an
cnergy difference. However, the ion Iefl behind by the exiting photoelectron
may not possess a nuclear geomietry consistent with the ionic ground-state
vibrational motion, an cffcct which leads to the possibility of cxciting various
final vibrational stales. 1T the excitation is also fast in comparison 1o the
maotions of the (N—1) passive electrons in 'I'7(N [, K) {a less rigorously
justifiable tinit termed the “sudden approximation™), it is also possible to
show that various final electronic states can be reached. (Sce Sections H1.D.1,
V.D.2, and V. F Tor more detailed discussions.) For now, only the electronic
ground state of the ion corresponding to the minimum binding energy will
he considered. In this usually dominant final state, it is expected that the
passive clectrans will not have the same spatial distribution as those in
TNY due to relaxation or rearcangement around the & hole. Although the
overall change in the spatial Torm of the passive orbitals due (o relaxation
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around an inner hole is not large (Tor example, the mcan radius of an atomic
orhital changes by only ~ 1-107,).1%2 the resulting change in coergy can hive
an appreciable effect on calculated binding cnergics. Such rebaxation ellects
can have significant consequences in interpreting binding encrgy data such as,
for example, chemical shifts, and they are discussed in more detail in Sections
IV and V.8, Hole-state calculations in which initial and linal states are treated
with equal accuracy in the Hartree-Fock sense bave heen performed by
various authors for aloms,'?2-1" small molccules,!'™ 100 and inorganic
clusters.'!? If binding energics delermined in this way are vorrecled Tor
relativistic effects where necessary, very good agrecement with experimental
core electron binding encrgics has been obtained. For example. an agreement
of approximately 0-2% is found between theorctical and experimental ls
binding energics of Ne (En¥(15) =870 eV) and Ar (F,Y(15) — 3208 e V). 100

Relativistic cflects gencrally increase core clectron hinding energics, as well
as leading to spin-orbit splittings, and their magnitudes depend on the ratio
of the characteristic orbital velocity to the velocity of light % #4 The atomic
Hartree-Fock Slater calculations of Herman and Skilbman® and Carlson
and Pullen™ provide a dircct tabulation of such corrections far all atoms as
determined by perlurbation theory, For example, the correction for Cls
is only about 0-2 eV out of 290 eV {~0-08 %), whereas for the deeper core
level Arls, it is about 22 ¢V out of 3180 eV (~0-69%).

An additional type ol correction which should in principle be made 1o any
type of Hartree-Fock calculation is that dealing with electron—electron
corrclation. In connection with hole-state Hartree- Fock binding ¢nergy
calculations, the intuitive expectation for such corrections might be that
because the inilial-state SCF caleulation does not include favorable corre-
lation between a given core cleciron and the other (N — 1) electrons, the
calcuiated E* value would be too farge and thus that the binding energy
En¥{K)=L/N -1, K}— E(N) would be too small. However, in comparing
relativistically-corrected hole-state calculations on several small atoms and
ians wilh experimental binding energies, the remaining error due to corre-
lation has been found to change sign from tevel to level within the same
system.193. 11 Such deviations from simple cxpectations appear to have
their origins primarily in the diffcrent types of correlation possible for final
hole states in different core or valence levels. For example, FnY(1ls) for Ne
shows a correlation correction 8o in the cxpected direction (that is, so as
to increase £y) of approximately 0-6eV out of 870:2eV (~ +0-07%)12
whereas 8Fcore for £rY(2s) acls in the opposite dircction by approximately
0-9¢V out of 48-3 eV (~ — I'R%).11? For core levels in closed-shell systems
such as Ne, such corrections can be computed approximately from a sum
of clectron pair corrclation energics «{f. /) calculated for the ground state of
the system.'!! F'or 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 electron and all other clectrons in the atom. Such correlation encrgies
are dependent upon both overlap and spin orientation, as the cxchange
interaction partially accounts for correlation of electrons with parallel spin.
Y or MNels, this sum is thus:

SEcorr = ¢(15a, 1sA) + e(15a, 252) + e( 152, 256)
4+ 3e(Is5o, 2pa) + Je{15a, 2p8) (50)

with values of e(lsa, 158) = +1:09 eV, e(i5a, 2sa) = +0-0l eV, e(lsa, 258) =
+0:06 eV, e(lsx, 2pa)—= 4+0-11 eV, e(lsz, 2pf)= +0-15¢V. Note the smalter
magnitudes of (i, /) for clectrons with parallel spins. Also, it is clear that
maost of the correlation correction arises from the sirongly overlapping is
clectrons. Equation (50) is only a first approximation, however, and more
exact calculations involving explicit estimates of afl types of correlation in
both Ne and Ne* with a 15 hole give better agrecment with the experimental
15 binding cnergy.''? The experimental value is Ey¥(15)=870-2 eV, in
comparison ta SEcerr=1-9¢V, Ep¥(15)=870-8cV based on Eq. {50011
and 3Feorr =0-6 eV, Fr¥(15}=870-0¢V based on the more accurate calcu-
lation. 12 8Feqer is decreased in the latter calculation primarily because of
correlation terms that are present in Ne' but not in Ne. The sum of pair
correlation encrgies (i, j) in Ne* is larger than that in Ne by about 30%,
and other terms not describable as pair interactions are present in Ne*
bul not Ne.

Aside from verifying that Hartree-Fock hole-state energy dilference
calculations can yield very accurate values for core electron binding energies
in atoms and molecules, such investigations have also led 1o another important
consideration concerning the final hole state formed by photoelectron
emission. This concerns the correct extent of delocalization of the hole, which
is implicitly assumed 1o have a symmetry diclated by the entire nuclear
geometry (or to exhibit a maximum degree of delocalization) in the diagonal
Hartree Fock method discussed here, Hole-state calculations by Bagus and
Schaefer'™™ have shown that core-orbital holes will tend to be localized on one
atomic center, as opposed Lo being distribuled over all centers as might be
capected in certain cases from a linear-combination-ol-atomic-orbitals
(LCAO) Hartree Fock calcutation including all clectrons. In the simple
cxample of O, a hole in the log or Loy molecular orbitals {(which can he
considered 1o a very good approximation 1o be made up of a sum or dilference
of ts atomic orbitals on the two vxygen atoms, respectively) is predicted by
suich a calcolation to result in a net charge of + e on each oxygen atom in the
molecule. However, Snyder!®® has pointed oul that such a state does not
minimize the total energy associated with the finat state Hamiltonian. Thus,
the lowest encrgy state is found'? to localize the s core hole entirely on
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either oxygen atom. These pairs of equivalent final statcs (which no longer
posscss one-electron orbitals with the full symmelry of the molecule} yield
the correel valucs of FAN—1, K} for computing binding encrgics. For Oy,
the localized hole states yield a value of EyV(15)— 542 eV, in comparison with
an cxperimental value of 541 ¢V, and a delocalized hole-state value of 554 eV,
Thus, Iocalizing the hole represenis a large corrcction of 12¢eV (~2:27)).
Moare recently, Cederbaum and Domcke!*¥ have shown from a more rigoraus
point of view why the use of such focalized core-hole states is valid.

Although localization of final-statc core holes is thus (o be expected in
general, the question of tocalization becomes more complex in dealing with
valence electrons in molccules or solids. Maolecular orbitals with lone-pair
character or which exhibit a predominance of atomic-orbital make-up from
a single atom in an LC AO description are inherently tocalized, even though
they are describable in terms of the overall symmelry species of the molccule,
and such orbitals would be cxpected to exhibit hole localization te a great
degree. Other molecular valence hole states may or may nol show localization
that deviates significantly from a description with full-symmelry molecular
orbitals. Similarly, the spatially-compact 4/ valence levels in solid rarc-carth
elements and compounds are found (o yield highly-localized hole states, as is
evidenced by the atomic-like multipict splittings abserved 14 (sec Scction V.C),
The valence d electrons in solid transition metals and their compounds or the
valence clectrons in free-clectron-like metals may not always be so simply
described. however. Nonctheless, Ley ef al.)'% have concluded that, cven for
the highly delocalized valence states of free-clectron melals such as 1.i, Na, Mg,
and Al the energy associated with final-state relaxation around a valence hole
can be calculated cqually well in terms of cither a localized- or delocalized-hole-
state description;; in this case, however, the delocalized hole state is still best
considered 1o be an itinerant localized hole propagating through the solid.

Although a localized-orbital description of the initinl state can always
be obtained from a Hartree-Fock determinant by means of a suitahle unitary
transformation of the various orbitals ¢ without changing the overall
N-clectron determinantal wave function or 1otal encrgy,!'® the transforma-
tion is not unique, Payne!'? has also recenily presenicd a new methad for
performing molecutar Hartree- Fock calculations in which relatively unique
localized-orbital character is built in by constraining cach LCAQ molccular
orbital to be composed only of atomic orbitals centered on a small set of
ncarest-neighbor atoms. Although either of these two procedures [or ohtain-
ing localized initial-state orbitals can provide chemically intuitive and frans-
ferable bonding orbitals hetween two of threc bonding centers,11% 117 it is
not clear that they would neccssarily lead to a more correel description of
the final state with one clectron removed. More theoretical and experimental
work is thus necessary to characterize fully the best one-electron-orbital
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description of the final states of many systems, il indecd such a one-electron
picture is always adequate or hecessary.

In order to avoid the difficulties associated with hole-state calculations in
determining binding crergies, a very often uscd approximation is lo assume
that Koopmans' Theorem well describes the relationship between initial and
final state to1al energies. The basis of this theorem is the assumption that the
initial one-clectron orbitals ¢, making up the determinant BN} are precisely
cqual to the final orbitals ¢¢" making up $HN 1, k) with a single k-subshell
hole. The final state total energy EA(N — 1, k) can then be calculated from the
formula for EYN) [cf. Fq. (49)] simply by eliminating those terms dealing
with the clectron occupying the kth orbital initiallty. This procedure leaves
as the Koopmans' Theorem value for IAN—1, k) (neglecting nuclear
repulsion);

N N N
FAN 1 kRT— L o Z z (Jij—3m,,, m.,KU)
i 7k 1IN
N_ N N
- Z o Z (Jiy—8m,,, m_,KU)
irk =1 J=i
N

- Z (J!k_sm_,. m,&k‘ll) {5t)

=1
The Koopmans' Theorem binding energy of the kth electron is then by the
difference method [<f. Eq. 22,

EpV(k)XT = Ef(N - |, k)KT _ EY(N)

N
= e'l:o“" Z (Jlt_am”; mnk’u)
i=1

or, making usc of Eq. (47) for the orbital energy e,
EnV(k)KT= — (52)

Thus, the binding energy of the kth electron is in this approximation equal
to the negative of the orbital energy ex. For bound-state orbitals e is negative,
so that the hinding energy has the appropriate positive sign. This result is
Koopmans® Theorem, as is indicated by the superscript KT. In reality, the
rekuxation of the (N — 1) passive orbilals about the & hole in the ionic ground
state will tend to lower E(N— 1, k)XT, and thus, as long as relativistic and
correlation corrections are not too large, binding energies estimated with
Koopmans® Theorem should be greater than the true values. If the error due
to such clectronic relaxation is denoled by 8Feinx >0, then a binding energy
can be writlen as {neglecting relativistic and correlation elfects):

EpV(k) = En¥(kYKT — 3 cinx
= —ex—5Erclax (53)
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It should be noted, however, that Koopmans' Theorem as it is derived here
applies only Lo closed-shell systems (thal is, systems that are adequately
represented by a single Slater determinant with doubly-occupied one-clectron
orbitals), or to solids which contain many electrons in highly delocalized
valence orbitals with quasi-continuous energy 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 distinct coupling
will give rise 1o a difTerent initiaf or finat state cnergy. These states in atoms
might, for example, be described in terms of L, § coupling, and woukl
in gencral be represented by a lincar combination of Slater determinants. 19
Although cach of these determinants would have the same gross clectronic
configuration (for example, 3d5), various possible combinations of i, - + §
and mn would be possible within the open shells. Provided that final-state
relaxation is ncglected, Stater!'!® has pointed out that a binding cnergy
EwV(K)ET computed as the difference between the average lolal energy for
all stales within the final configuration and the average tolal energy for all
states within the initial configuration is cqual to the onc-clectron encrey ey
computed from an initial-state Hartrec: Fock calculation utilizing Coulomb
and exchange potentials averaged over all states pussible within the initial
conliguration. This we can wrile as

Eo¥(k)RT = ERR)RT - Fl= — o (54)
and it represents a gencralization of Koopmans' Thearem to open-shell
systems. The various final states discussed here are the cause of the multiplet
splittings to be considered in Section V.C.

Although the orbital encrgics ex in Koopmans® Theorem as stated here
refer to fully delocalized orbitals, Payne!'? has recenlly pointed out that
near-Hartree-Fock calculations in which different atomic-orbital basis sets
are chosen for dilferent molecular orbitals to yield eflfectively tocalized final
results also yield a sct of one-clectron energics that can bhe interpretcd via
Koopmans™ Theorem. As these one-clectron energics are not the same as
those for fully delocalized orbitats, it is thus of interest 1o determine whether
any such Jocalization effects arc clearly discernible in experimental valence
binding energies.

The most direct way of calculating 8F,c1ax is of coursc to carry out SCF
Hartrec-Fock calculations on both the initial and final states and to compare
EnV(k) as calculated by a total energy difference method with EowVik)WT = — ¢,
Such calculations have been performed by various authors on both atoms
and molecules.?. 1-100 Ag representative examples of the magnitudes of
these effects, for the neon atom, En¥(1s) = 8680 eV and £, ¥(I5)KT =897 cV,
giving 8Freinxx23eV (~2:67%), and E\V(25)=49-3 ¢V and F,V(25)KT =
52-5 eV, giving 8Lrcax =3 eV (~6-0%). Fliccts of similar magnitude arc
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found in the s levels of molecules containing first-row aloms,108. 109 Also,
in certain cases, the presence of a localized hole may cause considerable
valence electron polarization relative to the initial stale.108, 107. 110 Thus
5Fcetnx lics in the range of 1- 107 of the binding encrgy involved, with greater
relative valucs for more weakly bound electrons. Scveral procedures have
also been advanced for estimating 8Ere1as 105 119-121 and these arc discussed
in more detail in Section V.B. It has also been pointed out by Manne and
Aberg™ that 2 Koopmans' Theorem binding energy represcnts an average
hinding energy as measured over all states K associaled with emission from
the kth orhital, including those describable as both “one-electron” and
“mnulti-electron™ in character. This analysis is discussed in more detail in
Section 1ED. 1. Implicit in the use of Koopmans' Theorem is the idea of a
predominantly one-clectron transition in which the (¥ - 1) passive electrons
are little altered.

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

EvV(k)= —ex— 8Eremx+ S3E¢cim + 8Ecorr (55)

in which 8Ermax. $Eretat, and 8Fcorr are corrections for relaxation, relativisitic
effects, and correlation effects, respeclively.

. Morc Accurate Wave Functions via Configuration Inferaction

In explaining certain many-electron phenomena observed in XIS spectra
it is absolutely essential 1o go beyond the single-configuration Hartree-Fock
approximation, and the most common procedure for doing this is by the
configuration interaction (C1) method.'?2 In this method, an arbitrary
N-clectron wave Tunction (N} is represented as a linear combination of
Stater determinants dy(N) corresponding . to different N-electron con-
figurations:

TiN)= T ) (56)
i=

The cocflicients C;, and perhaps also the set of one-clectron orbitals ¢
used to make up the s, are optimized by sccking a minimum in total
cnergy to yiekl a more accurate approximation for ¥(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 detcrminants with the same confligurations as those describing the
Hartree- Fock wave function for the system.

For cxample, for Ne, a highly accurate C1 calculation by Barr involving
1071 distinct configurations of spatial orbitals!?? yiclds the lollowing absolute
values for the cocMicients multiplying the various members of a few more
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important confignrations: d, = 1522522p" = Hartree Tock configuration
0984 : dhy = 152251 2p%3s" — C-005: My = 1522522p53p-- 0-009 by~ 152252 2p44p?
~.0-007-0-030; and s~ 1522522p"3pdp— 0-007 G-022. Approximately 70
distincl configurations have coeflicients larger than 0-010 in magnitude. bt
only that for @ is larger than 0-030.

Manson®! has discussed the influence of configuration interaciion on the
calcutation of photoclectron peak intensities {sce the more detailed discussion
in the next section), and in particular has noted that it may be important Lo
atlow for C1 effects in both initial and final states. Specilic effects of contigura-
lion interaction in XIS spectra are also discussed in Sections V.C and V.1),
as well as in the chapter by Martin and Shirteyl* in this serics.

D. Transition Probabilitics and Photocleciric Cross-sections

I. General Considerations and the Swdden Approximation. in order 10
predict the intensities with which various photoclectron peaks will occur, itis
necessary to calculate their associated transition probabilities or photoelectric
cross-sections. The photoetectric cross-section a is defincd as the transition
probability per unit time for exciting a single atom, single molecule, or solid
specimen from a state 'F/(N) 1o a state 17(N) with a unit incident photon
flux of 1cm-2s-1. If the dircction of electron emission relative to the
directions of photon propagation and polarization is specificd in *I/(N), as
well as perhaps its direction of cmission with respect to axes fixed in the
speciinen, such a cross-section is termed differential, and is denoted by
do/d(2. The diflercntial solid anglc dQ is that into which clectron crHssion
occurs, and it is indicated in Fig. 7. From do/dQ for a piven system, the total
cross-seclion for clectron excitation into any direction is given by

do
o= I ds2 (57
Such differential or tolal cross-sections can be calculated by means of time-
dependent perturbation theory, utilizing several basic assumptions that arc
discussed in detail elsewhere!24-13! and reviewed briclly below.

In a semi-classical treatment of the effect of clectromagnctic radiation on an
N-electron system, the perturbation 1’ duc to the radiation can be approxi-
mated in a weak-ficid limit as;!™

% (s .4
= . (p-A+Af) (58)

in which f— ~ 'V and A = A(r, 1) is the vector potential corresponding to the
field. For an clectromagnetic wave traveling in a wiiform medivm, o s
possible to choose A such that V-A=0 and thus p-A=0, so that in all
applications to XPS it is appropriate to consider only the A-j termn bq.
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{58). (In UPS studies of solids, it has, howcver, been pointed out that the
change m propertics near a surface can result in a “surface photoeffect™ due
to the f- A term. 1) The electromagnetic wave is further assumed Lo be a
traveling planc wave of the form:

Afr, fy=eAqexp [i(kn, r— 2nvt)] (59)

where e is a wnil vector in the direction of polarizalion (e is parallel to the
clectric licld E), Ao is an amplitude Tactor, ka, is the wave vector of pro-
pagation, {ka | =20/, and Ais the wavelength of the radiation. Within this
approximation the transition probability per unit time for a (ransition from
Y'YN) to I'(AV) can be shown to be proportional to the following squared
matrix-element!21. 13

N 2
[ My 2= | N ¥ A(n)-ﬁ.|‘w(~)>|
i1

2

N
~h2AZ | (VAN Y exp (ikn,-rode- Vg | FHN)) (60)
i=

in which the time dependence of A has been integrated out and the integration
remaining in the matrix efement is over the space and spin coordinales ol all
N clectrons, The intensity or photon flux of the incident radiation is pro-
portional to A2 IT the final state *FAN) corresponds to electron emission
with a wave veclor k7 (or momentum pf =/k/) oriented within a solid angle
JdQ (ef. Vig. 73, the differential cross-section can then be shown o he:124

N 2
do e (l) l YN Y exp (ikn, e Vo FHND) 6N
di2 he Py’

in which € is a combination of fundlamental constants, and A¢? is eliminated
in the normalization 1o unit photon Mux. In dealing with atoms and motecules,
it is often necessary to sum further over various experimentalty-indistinguish-
abte symmetry-degenerale {inal states, and 1o average over various symmelry-
degencrale initial states to determine a correct cross-section. If the degeneracy
of the initial siate is g¢ and if each such initial state is equally populated, this

yiclds
(irr ( 1 Z
;.-I_.‘:i 27 Ifl’ if

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

der/d(2, yickling finally a summation Y in Fq. (62). Furthermore, for a
e

randomly oriented set of atoms or molecules as appropriate to studies of
gascous- or polycrystalline-specimens, do/dt) must also be averaged over all

N 2
CPANY] Y exp (ikpoorde- Vi TUN)Y | (62)

i~
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possible oricntations of the target system with respect ta cach possible
relative gecometry of the radiation and the emitied clectron.

A final point of general concern is the influence of nuclear motion, speci-
fically vibration, on such cross-sections. Il the Rorn- Oppenheimer approxi-
mation {Lq. (26)] is valid and the influence of the perturbing radiation on

B

Photoelectron

.
prene’
Radiation

Polarized-

Target atom/motecule

Unpolarized-

I-|g.. 7. Gieneral geomelry for defining the diffcrential croas-section defds), showing bah
polnn‘rcd and vnpolarized incident radiation. The polarization vector e s 'mmllcl ta the
clcclrlc.ﬁ?ld E of ihe radiation. In order for the dipnle approximation ‘11‘\ he valul
!hc radiation wave length A should be much larger than typical target dimensions (.l!nl.
is, the apposite of what is shown here). ‘

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

do C /1 . x 2
g F) & '< VAL T exp Gikar re- V1w,
|(‘|’wu"(i’)|‘|'vn.’(P)>|2 (63)

in which the squared overlap between the initial and final vibrational wave
functions is simply a Franck-Condon factor, Vibrational cilects in XS
spectra are discussed in Section V.E. Only the clectronic aspects of matrix
elements and cross-sections are considered further here.

T
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In proceeding further, it is assumned that the photon wavelengih A is much
larger than the typical dimensions of the system, which will gencerally be of
the order of a few A This is a reasonably good, although borderline, approxi-
mation for MgKe or AlKa x-rays with Ax 10 A. This assumption permits
treating exp (ka, - Te) as unity in the integration, yielding for Eq. (62):

de Cf1 . d 2
= — CWYIHN V| WIN 64
m g,(m)E \e< ( )l.; VN (64)
and is termed “neglect of retardation” or ‘‘the dipole approximation™. A
further convenicnce that thus arises is being able to write the matrix etement
in £q. (64) in any of the three forms:124

N : N
CrRNY| T NN =5 CPAW)| T AN
i-1 I=1\
v N
1) opr) 3w
T =1
N
L vl § v e (65)
v (R |

The cquality of these three forms can be proven by means of commulation
relalions for the exact wave functions corresponding to any Hamiltonian of
the form of Fq. (24); the first form is denoted “miomentum™ of “dipole-
velocity™, the second “dipole-length™, and the third “dipole-acceleration™.
In the last form, F=W{r, ra, ... T8} is the potential represented by the
clectron -clectron repulsion and clectron. nuclear attraction lerms in the
Hamiltonian.

‘Fhere are scveral levels of accuracy that can be used for the evaluation of
matrix clements such as those in Eq. {64). The mosi oflen used approximation
begins by assuming a strongly ““one-clectron™ character for the pholoemission
process, and represenls the initial state as an antisymmetrized product of the
“active™ Ath orbital ¢x(1) from which emission is assumed o occur and an
(N - D-electron remainder Wr(N-1) representing the “passive” electrons:

WIN) = Adaxa(D, TN -1 (66)
In the weak-coupling limit, the final state is further given very accurately by
PANY = A1), TAN = 1) (67)

where for brevity the index K {or most simply &) on the ionic wave function
WHN - 1) has been suppressed, and [ specilies the kineiic energy and any
additional gquantum numbers necessary for the continuum orbital $/(1).
1 it is further assumed that the primary k >/ cxcitation event is rapid or
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wgudden™ with respect to the relaxation times of the passive-clectron prob-
ability distribution, the evaluation of N-electron matrix clements for a
general one-clectron transition operator 1 depending only on spatial coordi-
nates (such as any of those in Eq. 65)) yields ™ 13

N
AN Y 1 TUND = D [N - DFe(V - 1)) (6R)
=1

The use of Lhis expression is often termed the “sudden approximation”,
and it has proven Lo be very successful for predicting the intensities of various
types of many-clectron fine structure obscrved in XPS spectra (sce, for
example, Scctions V.C, and V.D). Transition probabilities and cross-seclions
are thus in this limit proportional to

[<HAD | s |2[CIAN = D]V - ]2 (69)

and involve a onc-electron matrix element and an (N — D-clectron overlap
integral between the ionic wave function and the passive-clectron remainder
(N - 1). It should be noted that (N~ 1) is thus not a vahid ionic wave
function, but rathcr a non-unigue “‘hest” representation of the initial-state
passive clectrons. In order for the overlap integral to be non-zero, symmetry
requirements [urther dictate that both 1N — 1) and VN - 1) must coere-
spond lo the same overall irreducible representation; this is the origin of the
so-called “monopole selection rule™, which is discussed in more detail in
Section V.D.2.

It is necessary also to consider criteria for determining whether the sudden
approximation can be used or not.¥3. 1 If the excitation from a given
subshclt k gives rise Lo a set of final state energics EA(W -1, K), K - 1,2,...,
then the simplest criterion lor the validity of the sudden approximation is
thay'33

(EAN—1, K)— EAN— 1, K] ih<) (70)

where 7" is the time required for the k -» f photoelcctron to lcave the system,
and K and K' can range over any pair of final encrgics with significant
intensity in the set. As an indication of the orders of magnitude nccurring in
this inequalily, for a typical x-ray photoelectron of Exin— KKV, ric =006
or n=2 x 107 cm/s. For a typical atomic diameter of 2 A, the escape time can
thus be roughly estimated as 7' = (2 x 10 ")2 x 10%)2 10 Y75, Thus, /= 1/65
eV !, and for final statc separations much larger than 10 eV, the sudden
approximation would appear (o be violated. However, calculations by
Aberg' and by Carlson, Krause, and co-workers!? using the sudden
approximation have given reasonable agreement with experiment for scverith
systems for which this incquality was not fully satisticd. On the other hand,
Gadzuk and Sunjic' have considered in more detail the question of transit
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thines and relaxation times in XPS, and have concluded that even the typical
excitation cocrgies in XPS of ~ 15 keV may not be sufficient to reach fully
the sudden limit. This question thus requires further study.

An alternative, and in cerfain respects more general, description of the
initial and Hinal states in the transition matrix element is to use single-
determinant Hartree Fock wave functions. I thesc are calculatled accurately
for both states, thus including relaxation effects, the relevant wave functions
arc

WUN) = Alrxr, Bexz, ... PeXe, .., SNXN) o)
WAHN) = A(de'xn, d2'xz, .. $X7, ., b 'xN) (72)

and the transition matrix clement becomes! . 137

N
CUANY Y WTUNY = T T hm’ (D] a0 D) (73)
il mooon
where the double sum on m and n is ovetr all occupied orbitals and I)f‘(m‘n)
is an (N - D) x (N - 1) passive-elcclron overlap delerminant, Df'(mln) is thus
cqual to the signed ninor formed by removing the mth row and ath column
from the Nx N determinant D/t whose elements are overlaps between
initinl- and final-stale one-electron orbitals. That is, the pg elcment is
(P pg={dp'xp|PeXe>- Many of thc N2 matrix elements contribuling to
q. (73) arc zero or near-zero for three reasons: (1) onc-clectron matrix-
clement sclection rules associated with (dm'(1)|1]$a(1)>; (2) monopole
selection rules arising from the one-clectron overlaps (¢»'xp |deXeD, since ¢p’
and ¢, must have the same spatial symmetry and the spin functions x, and
xg must he equal (or the overlap 1o be non-zero; and (3) the near ortho-
normality of the passive-orbital sels ¢y, ..., dx_1, Pa,r, ..., dn and &',
ek 1 P B, SO that (Bp'|dp>1-0 and (¢’ |he> 0 for p#q.
Addilional matrix clements corresponding to iransitions other than k —» f
that cannot be ruled out on these bases have furthcrmore been shown by
Aberg! (o bhe negligible for a high-cxcitation-energy limit, which fcaves
finally a first-order result anatogous to the sudden-approximation expression

N
CEANY| T W[ TN = (#(D) |} $(1)> DI F k) (74)

i
Vvarious mcethods for calculiting such overlap determinants for atoms

have heen investigated by Mchita ef af.,'®2 and it has been concluded that the
use of a dingonal-clement product is accurate to within ~1-2%/:

N N
CURNY| Y ?ll‘l”(ND:<¢”(|)|i|'ﬁk(”>1 ?3, *<¢:'|¢;> (75)
-\ LT
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Procceding one step further (e an unrclaxed, *“frozen orbital”, or “Koopmans®
Theorem™ final state in which ' =y for j£k finally fewds (o0 the simplest
approximation for such maltrix elcments:

N
CFI(N)| Z. W TN = P |l (76)
=

The majority of matrix element and cross-section caleulations 1o Jate have
used this last form,

AL the level of sudden approximation calculations wtilizing Fg. (68) or
(74), two experimentally useful spectral sum rules have been pointed out.
The first states that the weighted-average binding energy over all final ionic
states /(N 1, K} associated with a given primary k -» f excitation is
simply equal to the Kooptans' Theorem binding cnergy of - k. That is.
il Ix is the intensity of a transition 1o 'WAN — t, K) corresponding 1o a binding
energy Fi(K), then

— €= ;IREt.(K)/ ; I = ; |("’I(N—l, K)|‘l'n(N— l)»\lzk‘h(’\') (17)

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

Adabatic
peak

[—_ Shake g *_.l
«--— Shake—oM ‘~|

Total Ares ——
n oo {lrozen orbratl

*————— Pinding Energqy

Kinetic Energy —————»

Fig. 8. Schematic lustration of a photoclectron spectrsm involving shake-up and shake-
off s:.llcllilcs. The weighted average of all hinding encrgics yiclds the Koopmans' Theorein
binding cnergy — e [sum ruke (77)], and the sum of all intensitics is propostional 1o a
frozen-orbital cross section ay [sum rule (78)). The adinbatic peak corresponds 1o formation
of the ground state of the ion [Fidd) = EulK=1)].

45
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in order for rclaxalion to occur in forming the lowest-binding-cnergy
“primary’ oF “adiabatic™ final state corresponding to the jonic ground state,
excited ionic states corresponding (o binding energics higher than —e
must also arise. The peaks due lo these stales have been variously callcd
“shake-up”, ‘‘shake-off™, “‘many-clectron transitions’,  *‘configuration-
interaction satellites”, or “correlation peaks”, and more specific illustrations
are given in Scction v.1). The high-intensily lowest-binding-cnergy peak has
often been associated with a “one-electron transition”, although this name
is unduly restrictive in view of the inherently many-clectron nature of the
photocmission process. Thus, the intimate relationship between relaxation
and correlation is demonstraled, although il still is possible to delermine
uniqucly a relaxation encrgy with initial- and final-state Hartrec-Fock wave
functions that are often assumed 1o be uncorrelated in the sense that Ecorr
is measured relative to them. The second suddcn-approximation sum rule
deals with intensities, and it states that the sum of all intensitics associated
with the states ‘W/(N—1, K) is given by

hot= Y Ie=CY l(é’(l)li|¢t(!)>|"|<‘|"(N-l. KWV -1
X K
= ClpD |1 |2 (78)

where ( is a constant for a given pholon 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
ahsolute intensities summed over all states /AN — 1, K}, as was first pointed
out by Fadley.!? Thus, absolute photoeleciron intensities for the vsually-
dominant ionic-ground-state pcaks may be below those predicted by un-
relaxcd or frozen-orbital cross-seclions, as has been noted experimentally
by Wuillewmicr and Krause:1%® by contrast, x-ray abhsorption coeflicients,
which inhcrently sum over all final states for a given k -» [ excitation, are
well predicted by unrelaxed cross-sections. ¥

A1 a higher level of accuracy than any of Lhe approximations discussed up
to this point, configuration-interaction wave functions can also be used in
the calculation of matrix ctements and cross-sections.?!- 127 In particular,
Manson® has discussed in a general way the effects that this can have,
pointing out several mechanisms by which calculated intensities  can
be significantly modified by the inclusion of CI in the initiat-state wave
function and the linal-state wave function. For compulational convenience,
it is customary (although not essential) 1o use the same scl of orthonormal
one-clectron orbitals $i. 2, ..., dar (M > N) in making up the configurations
of both initial and final states. This apparent lack of allowance for relaxation
in the final state can be more than compensated by using a large number of
configurations with mixing cocMcients Cyf and Cyf that are optimized for

X-RAY PHOTOELYCIRON SPECTROSCOPTY 47

both stales:

TNy = Y, CHOMN) (719)
]
WIN)= E Caf Pl (N) (8

The exact expressions for matrix clements determined  with such wiave
(unctions arc rather complex, particularly if more than one continvum orbital
is included. corresponding to an allowance for continuum C1 (also referred
to as interchanncl coupling of close coupling).? Altheugh such conlinunn
clfects may be important in certain special cases (see Scction V.11.5). scveral
many-clectron phenomena noted in XPS spectra can be well cxphitined in
terms of only initial-state Cl and final-state-ion CE. In visualizing these eflects,
it is thus useful 1o take a sudden approximation point of view, in which a
single primary k& ~f transition is considered and the ndividual con-
figurations @(N) and Pr/(N) arc thus wrilten as antisymmectrized products
with forms analogous lo Egs {66) and (67):

BN = A Dxa( D). PN - 1)) {(R1}

DRAN)= AHUNAT), P/ (N =1 (R2)

In these equations, the (N —1)-electron factors can if desired be indexed
identically. so that, for the fixed one-electron basis set, O/ (N - 1) = Du/(N ~ 1)
if j=m and thus also N — I)|<l',,.f(Nf 1) = 8ym. Matrix clements in this
limit are then given by repeated application of Eq. (68) as

()| '):l 1 WHNY) = (T QL T () CF) (83)
- i

Thus, the mixing of various configurations into either the mitial or final stales
can aflect the observed intensity of a given finat statc appreciably, as itis only
if a certain configuration has a non-zero coeflicient in both states that it will
contribute a non-zero (Cy)*Cyt product. For the uscful limiting case in
which a single configuration j~} dominates the initial state, then (3= 1-0,
Cy =0 for j# |, and the square of the matrix element (83} for transitions ta a
given final state is simply

N 2
AN X BNy | o [C]? (84
-1

(If relaxation is permitted in the final-state one-clectron orbitals, then overlap
integrals of the form (bn/(N- I)I'I','(N— 1)) =S;m must be computed,
and Eqs (83) and (84) become more complex. However, in gencral Spn = Sim.)
Such Cl effects are important in understanding the simplest forms of multiplet
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splittings (Section V.C), many-clectron cfTects in multiplel splittings (Section
V.C), i the intensities of various many-electron satetlites (Scction V.D).

The inherent requirement of relaxed final-state orbitals in sudden approxi-
nuttion calculations using single-determinant Hartree- FFock wave Tunctions
has led 1o a certain amount of confusion when comparing this model witl
the results of CT calculations. Manson ®! for example, has pointed ouwl that
the usc of rclaxed final-state orbitals in such single-delerminant calculations
yickds matrix clements of no higher accuracy than those resulting from the
inclusion of only a limited form of initial-state configuration inleraction.
Thus, there are several types of effects that can only be adequately discussed
in terms of a more complete CV treatment.

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

2. Ateoms. For a closed-shell atom in the limit of no final-state passive-
clectron relaxation and a non-relativistic Hamittonian, each ecmission event is
characierized by a well-defined (ransition from spin-orbital ¢axx=dnim Xm,
to spin-orbital ¢'xf=¢rfifm fxm s, where Ef is the photoclectron kinetic
cnergy v — IwV{nl). The vsual dipole selection rules then require that

Al=l—1=+1 (85)

Amyp=myf — =0, 1 (86)
Amy=my —my=0

Photoemission is thus divided into (wo “channels” lor If =+ 1 and I =[—1,
with the 7t | channel usuaily being much more important at XPS cnergies.

The most commonly encountered experimental situation is a coltection of
atoms whaose oricntations are random with respect to one another that is
cxposed to a flux of unpolarized radiation with an angle « between the
propagation directions of the radiation and photoeleciron (cf. Fig. 7.
For this situgtion, the total photoelectric cross-section Tor all events involving
emission from a given #f subshell can be calculated by summing transition
prohabilities for all possible one-electron events according to Eq. (63} A
general derivalion21, 120,127, 10 (hen shows that the Lotal subshell cross
seclion oy is, in the dipote-length form,14! given by

Aragrrg?
aq( EN) = —-—gfﬂ IR _UE} + (I + )R W HET)) {87)

in which os is the fine structurc constant, ap is the Bohr radius, and the
R (EN) are radial matrix clements common to all one-electron dipole
matrix clements between daim, and defifm f. (Pnim, and defifw, f both have
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the general form of Eq. (36).) These radial integrals are given hy
RiclEN= [ RulryrRes, 1o r)r2dr= § ParWPrs. () dr - (RR)
0 0

where Pyi(r)/r = Rui(r) is the radial part of the $ntem, Otbital and Pus, 4\ \(r)r
Ret, 1a(r) is the radial part of the contineum photoclectron arbetal Belifn,f
The differential photoelectric cross-scction for a given subshell is furthermare
given by the expression 124, 127, 140

dog; Tni

—— (EN}=—[I - ENPyfcos

di (F g, U 1Bn(ENPycos o)

:g [1+ Bar EN)(§ sinZ a— 1)) (R9)

where Bni(Ef) is termed the asymmelry parameler, & is the angle between
photon propagation direction and electron emission direction, and Pa(cos o) -
3 cos2a—1). Ba(E') can in turn be caiculated from the radial integrad
R:y1(ES) and certain continuum-orbitat phase shifts S £7) that represents
the shift in the sinusoidally oscillating character of Rys, |, i(r} ut large radii
relative Lo the continuum wave functions for a hydrogen atom at cnergy
E7. The equation for Bmi(E) is

1~ DR AHEN + (4 1)+ 2Ry 2(ED

-~ 601+ 1) Re, (EFYRy_1(ET) cos (81, (EF) - 5, 1(EN])

wlEN) = o
Bl £T) QI+ ODURAKEN+ I+ )Ry (ED]

(90)

and the term in cos [§;,1— 8;_1] reprcsents an interference between vulgoing
f+1 and /— | waves. Such phase shilts are illustraied for C2p emission into
s and d waves al different Av in Figs 9(d) and 9(e).

' The allowed range for Bnis — 1 <A< +2. A positive value of # indicates
that photoelectrons are preferentially emitted at angles perpendicular to the
photon direction («=90"), whereas a ncgative value indicates prefcremtial
emission either parallel or anti-parallel to this direction {(«=0" or LRO").
A value of =0 yields an isotropic distribution. For s-clectron emission,
I'=0, and only transitions to /=1 waves are possible. #is always + 2 for this
case, yielding a differential photoelectric cross-section of the form:

dnn.(.’;!)wﬂ'm(E!)
a0 4n

with maximum intensity at «-=90" and zero iMensity at «—0" and 180"
For the other limiting casc of 8= — |

sinZy (on

dag(EN _ an(Ef)
dQ 4x

- cosa (92)
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24 Bond langths
Contierwum Orbitals, 2p Emivsion
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~

Radial Wove function (Arkutrary Units) e=—e=
(-]

1di

Radius {Bohs ) —=

Fig. 9. Radinl functions Pr)=r - R(r) lor (a) the occupied orhitals of atomic carbon and
(b (e the contimum photoclectron orbitals resulting from (2p cxcitalion at different
photon energics a< indicated. Continuum wave functions for both allowed emission channcls
wmeshowntf 1§ ~dwave, f -1 »5swave). Note the non-sinusoidal character near the nucleus,
and the decrease in the clectron deRroglic wavelength A, with increasing kineticenergy. The
definition of the phase shift B, — 8¢ + n is also indicated Tor hy=200-0¢V and 1486-6 ¢V,
I (a), the range of typical bond fengths between carbon and low-to-medium Z atoms is
alsor shown for compatison, (8. M. Goldberg and €. 8. Fadicy, tnpublished results)
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the photoelectron intensity is zero at #=90" and has its maximum value at
9=0° and 180", No matter what the valuc of fis, the form of Fq. (R9)
dictates that the distribution should be cylindrically symmetric ahout the
photon propagation direction.

Equation (89) is also equivalent to

doni( E’)

= A+ B sin?
T A+ B sinta (93}

where A and B arc constants given by A =(on/dm)(I —fnj2) and
B = (onifdn)- 3ar/4. From an empirical determination of A and B, B can thus
be calculated from Bur=48/(3A44-28). A comparison between the function
predicted by Eq. (93) and experimental resulis made by Krause!?2 is shown in
Fig. 10. The paramcters 4 and B have in this case been empirically adjusted
to give the best it to data obtained for photocmission from Kelds, Kelp,
and Krid levels with MgKa x-rays. The data are reasonably well described
by Fq. (93), although a slight systematic deviation is appirent; this has heen
associaled with effecis due to the breakdown of the dipole approxination

120

100 - ey — - |

Kr My g 1Mg Kq)
A/B=30/70

N

Hr M, y (Mg Kol
A/p-ta/86

Jia,a,8), INTENSITY (ardetrory uaits)

"SOLID LINES:
Jio A, BICAE sinla

o 30 60 30 w20 150 1an
180— o, ANGLE (deg)

Fig. 10. Experimental angular distributions of Xs (= Afy), Y (= Ay n), and Y {— Afy )
photoclectrons excited from gascous Kr with MgKa x-rays. The cieves represent feast-
squares fils (o the data points of & relationship of the form of Lg. (93), in which A ard 13
were treated as empirical constants. (From Krause, ref. 142))

20 s
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(neglect of retardation).112 Note that the 3s data are consistent with Eq. (91)
as cxpected. Also, a decrease in A with increasing orbital angular momentum
is observed, although B is clearly positive for all three cases prescnied in
Fig. 10, Wuilleumicr and Krause'™ have also presented a similar analysis
for Ne2p emission that extends up to XPS excilation encrgies.

Total atomic subshell cross-sections for photon encrgies relevant to
XPS have been caleulated in various sludies.12% 143151 These calculations
have made use of hoth the non-relativisiic thcory outlined above, as well
as  rektivistic methods based upon the Dirac equation 4. 145, 158 n
the non-relativistic calcwlations, the method introduced by Cooper and
Manson!2h. 116, 147 has heen most utilized: cross-sections are calculated
from malrix clements between initial-state orbitals determined in a Hartree-
Fock Slater approximation (as those generaled by Herman and Skillinan
for all atoms)y* and final-state orbitals determined from a one-clectron
radial Schroedinger cquation with a central potential V(r) represcnling the
interaction with the nucleus and (N — 1) electrons in the ion (again of the
form determined by llerman and Skillman). More recently, Scofield'! has
used a relativistic analogue of this procedure to calculate MgKax and AlKa
total subshell cross sectians agy, 3=y for alf clements in the periodic lable;
spin orbit efMects split each subshell into Iwo j components with occupancy
2j + 1. The usc of such a cross-section tabulation in analyzing XIS spectral
intensities is discussed below in Section TILF.3,

In general, it is found that for fiv well above threshold, as is the case in
XPS measurements, transitions to =1+ 1 are much more probable than
those (o If =/ — 1,129,147 Thus, the term (/+ 1R, 14 Ef) dominates the term
IR: 2(F!} in Eq. (R7). Also, oni(E') is generally a decreasing function ol
£1 Tor hv well above threshold. However, large oscillations and minima in
the cross-seclion may oceur as hr is increased above threshold. 126, 146. 147
Such oscillations can be cxplained in lerms of the changing overlap character
of an oscillatory Pai(r) and an oscillrtory Prf, 1;1(r) with changing E7.12¢
As I is increased, ihe effective wavelength of the radial osciltations in
17, 111 decreases and the oscillations penetrate more deeply into the region
of non-zero Pair) “within® the atom. This effect is illustrated quantitatively
in Fig. 9 for continuum orbitals corresponding to emission from a C2p
subshell a1 fne—21-2, 40-8, 200, and 1486-6 ¢V, as calculated by Goldberg
and Fadley using the Manson/Cooper program. TFor a given hv, the matrix
element Rpi(Ef) thus may consist of contributions due to the constructive
overlap of one or more lobes in Pyi(r) and Pgsypy. IF, as Ef is varied, the
refative signs of the overlapping lobes change, Ryii(Ef) may change sign,
and thercfore at some kinetic encrgy intermediate between the sign change, a
zero of minimum in Er(E9) and o, (E7) can resuft. A corollary of this
argument is that atomic orbitals Pyi(r) wlhich exhibit no oscillations with r
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should show cross-sections which decrease smoothly with increasing L/
and exhibit no zeroes ar minima.'?? Cxamples of such orbitals would be
Is, 2p. M, and 4.

Comparisons of tolal cross-section calculations with experiinent are often
made through the Lotal atomic absorplion cocllicicnt Tor x-rays, whach
lower x-ray cnergies of <10 eV consists essendially of a sum aver the several
subshelf cross-sections. Such comparisons yicld reasonably good agreement
between experiment and theory (~5-10%4) cxeept near threshokl where
fre e B3 V(nf). 37, 343 145, 1500152 Coaper and Mansan'? have also calenlated
relative subshell cross-sections in XPS which compare Tavorably with the
experimental valucs of Krause'"? shown in Fig. 10,

Asymmetry paramcler calculations have also been performed for various
aloms at the Manson/Cooper level, and the values obtained for B, (Ff)
arc also in rcasonable agreement with experiment (~ 4+ 551117 Manson!'™?
and Kcnnedy and Manson!*® have also pointed out that for certain subshells,
theory predicts that B.(Ef) may exhibit large oscillations with LY. Finally,
Reilman ef al.'* have calculated 8 values spanning all elements in the periodic
table for the two common XPS x-rays MpKa and AlKa; interpolitions in
this table can be made to any atomic subshell. Thus, the use of Scoficld’s 1,y
values!5! together with the fiar Lables of Reilman et /.15 permits determining
a reasonably accurale differential cross-section (or any situation encountered
in typical XPS experiments {even though it does represenl a mixture of
relativistic and non-relativistic caleulations). The data of Fig. 10 make il
clear thal in order for comparisons of peak inlensitics in photoclectron spectea
to be meaningful, the angular geometry of the experiment must be known
and allowed (or via de/d(}, Neglecting the effect of the asymimctry paramcter
is cquivalent to assuming

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

A Turther important point in connection with atomic cross-scctions is that,
for systems inilially posscssing an open shell, the calcutations oullined above
will represent a sum ol cross-seclions leading o the various allowed final
multiplet states (generally describable as L, § terms).'® Provided (hat these
multiplets are degenerate, no observable effects are suppressed by such a
summation, However, in many cases of both core-level and valence-level
emission, these multiplets are resolvable from onc another, so that some
procedure within a one-clectron-transition model is needed for predicting
the pariitioning of the cross-section into the various multiplets. For emission
from a closed inner subshell, the weight of cach multiplet is just its tlotal

J
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multiplicity,'s* so that
Intensily oc{2S7 + IN2L! + 1) {95

For emission from a partially-filled valence subshell, more complex expres-
sions involving fractional parentage coeflicients arise; these have been
Jiscussed in detail by Cox and co-workers. 5% 138 and by Bagus, Freeouf,
and Eastman.!5? These references include extensive numcrical tables. 1t has
also recently been poinled out by Dill ef al.'5% that for emission from a given
ni subshell Bny may vary from mutlipict to multiplet, but such effects are
small cnough to be neglected in first approximation.

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

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

For core-level emission to typical XPS encrgics of a few hundred eV or
more, the use ol atomic subshell cross-seclions is probably a very good
approximation at the leve! of a one-clectron model of photocmission, because
the initial-state orbital is very little altered by chemical bonding and the
final-state hole is highly locatized and atomic-like, thus leading to a con-
(innnm orhital with very nearly atomic properlies. (Al very low encrgies of
excitation, it is interesting to note however, thateven core levels are predicted
1o show cross-scetion resonances due to molecular gcometry.1%0) Based upon
theoretical calculations by Nefedov ef al., ' changes in the magnitudes of
core-level cross-sections wilh ionization statc are further expected to be very
small (~0-17 per unit charge), although in some cases such eflccts could be
significant.

In valence-level emission, the determination of cross-seclions hecomes more
complex. The initial-state orhital $x is usually written as a linear combination
of atomic orhitals (1LCAO):

dr= 3 Carrdban (96)

AN
in which k represents a symmetry labet appropriate for the molccule (e.g.
Zog of Iy in Og). dha, is an atomic orbital (AQ) for whieh 4 designates the
atom and A the symmetry (c.g. A —=oxygen and A=15in O2), and the Caxx’s
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are expansion cocfficients. Such an LCAO description can be made at any of
various levels of accuracy, as is common in guantum-chiemical calculations.
The final-state orhital ¢/ presents more of a problem, however, as it must he
computed so as 1o take account of the lull molecular gcometry, even though
at high excitation cnergics and large distunces from the center of miss 1t
will look very much like an atomic continuum orbital of the same kinetic
energy. Various approximations have been uscd for such (inal states in cross-
section calculations relevant 10 XPS: {1) A simple planc-wave (PW) of the
form cxp (ik-r) has been used in severa! studies, 102, 163 although it scems
doubiful that highly quantitative sesulls can be achieved in this approximation
because the planc-wave is in no way sensitive to the truc potential ncar the
atomic centers and neither is it properly orthogonal 1o the initial-statc
orbital. By analogy with the atomic case, one would expect correct final states
10 show hchavior near the nuclcus much like that shown in Fig. 9. (2) Planc-
waves orlhgonalized to the occupicd core- and valence-orhitals (OPW’s)
have also been utilized, for example, by Rabalais, Cllison, and co-workers, '
but doubts concerning their quantitative accuracy al high cnergies have also
been raised by Ritchie.'™ Also, the use of either PW or OPW approximations
in the atomic casc has been shown by Williams and Shirlcy!5% to be grossly
inadeguate. (3) Ritchie!® has used an expansion in terms of partial waves of
different / character, noting that the non-spherical symmctry of the molecular
geomelry may mix these, introducing complexities not found in the alamic
case. (4) More recently, Dill, 10 Dchmer, 190 and Davenport'® have discussed
the use of the muliiple-scattering Xa!*? method in molecular cross-section
calculations and, at this point, it shows considerable promise of being able
to provide very useful and reasonably accurate numcrical results. The
calculation of molecular cross-sections has been reviewed recently by
Dehmer, 1% as well as by Huang and Rabalais'™ clsewhere in this scries.

An additional factor that must be considered in molcular cross-section aml
lineshape analyses is that various final vibrational states may he reached in a
given pholocmission event, even in the simple case for which only a single
vibrational mode is initially populated. These vibrational excititions are
responsible for the bands observed in gas-phase UPS specira,’ for example,
and similar effects have been noted in corc-level XPS emission (see Section
V.E). If the Born-Oppenheimer approximation is used. then the electronic
cross-section {(differential or lotal) can be partitioned among the viliious
vibrational states simply by muitiplying by appropriate Franck Condon
factors, as imdicated previously in Fq. (63).

Whatever initial- and Anal-state approximations are utilized, it is nonc-
theless a general consequence of the conservation of pavity and angular
momentum that the overall form of the differential photoelectric cross-seclion
of a randomly oriented collection of Born - Oppenheimer mulecules exposed
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to unpolarized radiation will have the same form as that for the alomic
case,149. 188 pamely, Eqs (89) or (93). The calculation of ox and Sk proceceds
by a dilferent mcthod from that in atoms, of course. The UPS angular
distributions of a number of small molecules have been measured by Carlson
et al.16%. 170 gnd they arc found to foliow the predicted form A+ B sinty,
with all members of each valence vibrational band showing very nearly
the same distinct # value {with a few exceptions perhaps indicative of a partial
breakdown of the Born-Oppenhcimer approximation).

As in atoms, molecular cross-sections for open-shell systems also may
represent emission into several non-degencrate multiplet states. Cox and
Orchard!®® have derived the relative probabilities of reaching different final
eicctronic 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 linal general point concerning molecular cross-sections, it shoutd be
noted that, although all of the foregoing results assumed random orientation,
the situation of surface chemical bonding on an atomically-ordered substrate
may yield a sct of molecules with a definite orientation. Dili1™ has presented
a general theoretical formalism for evaluating such oriented-molecule
difTerential cross-scctions, and Davenport!®® has performed numerical
caleutations for oricnted carbon monoxide based. upon the Xa method.
Primary emphasis in all such theoretical studies to date has been on ultra-
violet excitation, however.

In analyzing XP$ emission from molecular valence levels, much use has
also been made of an approximation first suggested by Gelius.172 Although
originally derived by assuming a plane-wave final state exp (ik-r), a slightly
differenmt procedure will be used here that both leads to the same result and
also automatically includes certain correction terms thal are often omilted,
The initial-state molecular orbital (MO) éx is assumed to be of LCAO form
(Eq. (96)) with the implicit restriction (not always stated) that the atomic
orbitals ¢4, be reasonable representations of frue alomic orbitals, not just
single-radial-lobe basis functions, for example, of Slater or Gaussian type.
Consider a hypothetical final-state orbital ¢/ corsesponding to Ef =hv— Ep¥(k)
that has somehow been determined with arbitrary accuracy. The matrix
element for photoemission from the molecular orbital will then be given by

Wrlpp=#r] T Canbar>

= ¥ Caard!|rfdan N

A

The photoelectric cross-section will be proportional to the square of this
matrix element. if the atomic orbitals and LCAO coefficients are assumed to
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have been constructed as real, this square will be given by
[<#[rlge>|®= AZ; Za CaatCareld[r[ a2 > [r]dar>
< 4

= 3 [ConPllrlga |
+2 % 2_; CaaxCanrld! |t|daa Db fr|dar>  (9R)

&
{AA> 47X}

The MO cross-section thus depends on matrix clements betwecen a true
moiecular final state ¢/, and good approximations to atomic orbitals & 4,.
The strongly attractive potential near each atomic center will furthermore
tend to make ¢/ in the near-nuclear region look very much like the final-state
orbital for photoemission from an isolated atom at the same kinetic encrgy.
At XPS energies, the atomic continuum orbitals for all valence AO’s should
furthermore be very similar in oscillatory behavior, as the kinetic energies
are alt very close for a given fiw. It can further be argued that it is the region
near the nucleus in which most of the non-zero contributions to the matrix
elements (_¢v’|r|¢n) arise, because as the distance from each nuclcus is
increased, ¢/ rapidly becomes an oscillatory function with periods eof only
~0-35 A (the de Broglie wavelength A, of the photoeleciron). This is
illusteated for C2p emission from atomic carbon in Fig. 9. Thus, it is only
near the nucleus that the initial-state AO's have sufficiently dense spatial
variations to yield a largely non-cancelling contribution to the matrix element;
in the diffuse, slowly-varying tails of the valence AO’s between the atoms, the;
Pscillalions in ¢/ will yield an approximale canccllation in the matrix element
integration. (This same argument is made by Gelius!?? using the more
approximate plane-wave final state.) The squares of each of the matrix
elements in Eq. (98) are thereflore expected to be approximately proportional
to the corresponding atomic cross-section:

or [<#f|2|daa>|2ocdoat A0 /a02

(P lr|dar> e £ (doat A0 /A0 (99)
and the final result for the molecular cross-section can be rewritten as
dea™oYdQec § | Cane|Hdoan'A0/d0D)
Y

#2F T (2)CaaCanldoas A0/ (do sy 40D} (100)
(Ad> A'X)

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

dox'™MOdQoc ¥ |Caar|Hdoast40)/60) (1o1)
A
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|(‘M.]2 is the net population of atomic orbital Ax in molecular orbital k.
In applications of T'q. (101}, the net population is often replaced by the gross
population P4,k defined as

Pk |[Canx |2t ) CannCanxldarlpaa {102)
AN

(A7 A

although Fq. (100) makes it clear that this is only a very crude way of allow-
ing for overlap affects. Discussions of additional theoretical complexities
have also appeared in several studics.172-170

The mode! summarized in Fgs (101) and (102) has heen used with reason-
able success in analyzing valence spectra of both molecules??2. 173 and solids
in which quasi-molccular units (for example, polyatomic ions) exist.!74- 170 In
general, empirical relative atomic cross-sections are determined for atoms or
simple molecules, and then used, together with an LCAQ calculation for the
system under study, 1o generalc a theoretical spectrum. One such example for
Cliq is shown in Fig. 11, and it is clear that il correctly predicts rclative
intensitics 10 a very high accuracy.

——
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Fig. 1t Fxperimental XPS spectrum for the valence kevels of gascous CFa (points) in
comparison with a theoretical corve hased upon Iigs (10t) and (102). Relative atomic
subshell cross-seclions were determined experimentally. MgKa radiation was used for
excitation. {From Gelius, ref. 172))
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4. Solids amd Valence-band Studies. X-ray photoemission from sohids has
been very successfully analyzed in terms of a three-step modet tirst wtilized
in ultraviolet photoemission studies by Berglund and Spicer.'?? The steps
involved are: {1) a one-clectron excitation occurring somewhere below the
solid surface from an jnitial-state orbital $x al cnergy £ toadinakstte orhital
#/ with an cnergy Ef greater by he (2) clectran transport via ¢/ 1o the surlace,
during which elastic and inclastic scattering evenis may occur, and (3) passage
of the clectron through the surface, at which a smafl potential barricr may
cause refraction or back-reflection to occur. The electron states involved arc
generally assumed (o be characteristic of the butk material. The one-eleciron
energics £ and £/ may be measured with respect o the Fermi energy, the
vacuum level, or some other reference; in any case £/ can be casily connected
with the mcasured kinetlic encrgy Eian. An additional zeroth step involving
penctration of the cxciting radiation to the depth where excitution occurs
might also be added to this model, but this has no significant conscquence
for XPS except at grazing incidence angles lor which signiicant relraction and
reflection hegin to occur.!7. 178170 As x-ray photoeleciron escape depihs are
only of the order of 10-30 A, the assumption of an initial excitation involving
pure bulk clectronic states might be questioncd, and onc-siep theoretical
maodels in which the surface is explicitly included in the photocmission process
have been prescnted. 8% 181 However, the bulk photoemission madel correctly
predicts most of the leatures noted in both UPS and XPS mcasurements on
semiconductors and transition metats,37: 82 and also permits separating oul
the various important physical aspects of photoemission. The presence of
distinct surface cffects on the photoemission process cannot be discounted.
however 132 with one much-discussed example being a surlace-state peak
observed in UPS spectra and other measurcments on tungsicn ¥ Primary
emphasis here will be placed upon the excitation step in the three-step maodel,
as it contains those elements of the problem that are most clearly related 1o
the ground-state electronic structure of the system.

For emission from non-overlapping, highly-localized, core orbitals, the
use of an atomic cross-section (differential or 10taf) is a reasonable approxi-
mation for predicting the cxcitation strength. For emission from valence
fevels involved in ouly slightly overlapping quasi-molecular units, the mcthods
discusscd in the last section can be uscd. For emission from highly-over-
lapping band-like valence levels, a distinctly different procedure is necessary,
as outtined below,

In a crystaltine sotid, both initial and final orhitals will he Rloch Tunclions
with wave vectors k and k7, respectively, so that () = f,(r) s (o) exp ik r)
and (1) = /(1) =m(r) exp (ik/ 1), consistent with Lq. (37} Such an
excitation is shown in Fig. 12 on a plot of onc-clectron potential energy
versus distance from the surface. In fraversing the swilace barrier, the chectron
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Yig. 12. One-clectron model of photoemission in a metallic solid, shown as an energy-
level diapram soperimposed on the onc-clectron potential energy curve near the suiface.
The initial and Fnal states inside the solid are assumed 1o have Bloch-wave character.
Applicable conservation relations on energy and wave veclor are also shown,

kinctic energy is reduced from its value inside the surface of Iy’ by an
amount equal 1o the harricr height or inner potential Vo, Vo is generally
measurcd with respeet to the least negative porlion of the potential energy
inside the erystal which occurs midway between the strongly attractive atomic
centers. Detection of an clectron propagating in a definite direclion outside
of the surface implics a frec-electron orbital ¢yerA(r)=Cexp (iK/-r) with
momentum I - 4K/, but it should be noted that K/ need not be precisely
cqual to k!, One obvions source of a diflference between K/ and kY is refraction
clfects al the surface barrier, which are only expected to conserve the com-
ponent of wave vector parallel to the surface (k =K /), but such effects
are rather small in XPS cxcept for grazing-angles of electron emission with
respect 1o the sueface.'? A convenient convention for describing the electron
wave vectors tnvolved in such a transition is to choose the initial k to lie
inside the first or reduced Briltouin zone and the final kf to be expressed inan
cxlended-zone scheme. Thus, initial states at several dilferent encrgics may
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possess the same reduced k value, but each final stale is associated with a
unique kf value.

The basic one-clectron matrix clement associated with the cross-section for
excitation is most generally writien as (%,,I]A-Vlvf-.‘ s This represents the
one-clectron analogue of Fq. (60). 1t is then a simple matter to show!? that
the translational symmetry propertics of Bloch Funchions [Fq. {37)] imply
that this matrix clement can only be non-zero when k and k7 are related by a
reciprocal lattice veclor g:

kK =k+g (103

Transitions satislfying this sclection rule arc termed “direct”™ ) and have heen
found 10 be very important in the analysis of UPS spectra and other optical
absorplion experiments from a varicly of materials "7 %2 A¢ (he higher
energies of excitalion involved in XPS, it has heen pointed out by ard
cf al. "% that the wave vector ka, associated with the exciting x-ray in XIS
has a magnitwde sufliciently large that it must be included in this wave-
veclor conservation cquation:

k/=k+g+kn, (104)

For example, with fu=1486:6eV, |k/|22n/A,~19:7A U (or valence
emission, |ka.|=22/A20-7 A-1, and (ypical magnitudes of the reduced
wave vector are [k| £2-0 A-1. Transitions violating such selection rales are
termed “non-direct”, and can be induced in various ways, for example, by
interaction with latlice vibrations (phonons), by the introduction of atomic
disorder, or by considering emission from very localized valence levels (tor
example, rare-carth 4f) for which the localized initinl and final hole siates
suppress the effects of translational symmetry, Shevehik '™ has recently made
the important observation that phonon effects may lead to an almost total
obscuring of direct-transition cffects in the XPS spectra of most malterials
at room lemperalure. Phonons with a range of wave vectors Kupanon 2re
created or annihifated during the excitation process in a manner completely
analogous to thermal diffuse scattering in x-ray ditfraction.’™ with Lhe nel
cffect that only a certain fraction of the transitions are simply describable in
terms of Lq. (10d) (for which Kyyonan<€k). This fraction is most simply
estimated from the Dehye- Waller factor, as discussed in more detail in
Section VI.1D.2. Further study of such phonon effects is needed (0 assess
quantitatively their importance, but they do appear to provide a likely
mcchanism wherehy all occapicd k values can contribute 10 XIS spectra, cven
il electrons are collected along only a finite solid-angle cone with respect 1o
the axes of a single-crystal in an angle-resolved experiment (sce Turther
discussion in Section VI.12.2),

If it is assumed lor the moment (as in most prior XPS studies) that direct
transitions are important, the total rate of excitation of clectrons to a given
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cnergy £/ will he given by a summation over all allowed k —> k7 transitions

in which cnergy amd wave veclor conservation are satisficd. Also, for experi-

ments al non-zero (emperature each transition must be weighted by the

probability of accuption of the inilial state, as given by the Fermi function:
|

F(F)= 105
B = P WE<FrhTTt 1 (103}

‘Fhis function allows for the thermal excitation of electrons lying within
~ &7 of the Fermi level. Finally, each transition can be weighted by an average
probahility 7 for escape withouwt inelastic scallering or back reflection al the
surface. which will depend on both Ef and k/ and can be denoted FEL K.
The average indicated is over various depths of excitation below the surface.
The final result will be proportional to the no-loss photoclectron spectrum
finally observed. and is thus given by

N(FExin)= N(Ef 4 Ay=N(E+hv+ A)
o Y JIHHEDY AT SUED|?

Occupicd
hands

x F(EYT(E!, KNS(Ef— E— )8 —k —g - kny 3k (106)

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

In cvaluating the matrix elements in this equation to permit comparisons
with XS spectra, Kono of al'7* have assumed an orthogonalized plane wave
for the final state 4,/ and a tight-hinding (or LCAOY} initial state ¢,. Similar
analyses have also been carried out morc recently by Aleshin and
K ucherenko,®® and in Scction VI.1D.2, the application of a simpler form of
this model to the analysis of angle-resolved XPS valence spectra from single
crystals is discussed.

Several basic simplifications of Equation (106) have often been made so as
to obtain a rather direet relationship between observed XPS spectra and the
iniial density of clectronic states p(F).#2 Most of these simplifications cannot
be made in considering UPS spectra, by contrast. The average no-loss escape
function T(ES, W) will be essentially constant for all of the high-energy
clectrons in the XPS valence spectral region, and so can be eliminated. Tn
UPS however. T(ES kf) can vary considerably over the spectrum. The Fermi
function produces only relatively small effects within ~ + &7 of the Fermi
cnergy. so that i either UPS or XPS carried out at or below room tcm-
perature, il is adeguate 1o sel it equal to a unit step function. A further
simplification that can be justified in several ways for XPS but not UPS is
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that the summation and integration in Fq. (106) ultimately yicld for o pely-
crystalline specimen a result of the approximate form

N{Ean) o apthr)p(E) (1on

in which ap(hv) is @ mean photaclectric cross scction for the initind states al
energy E and p(l)) is the density of accupicd initial states at cnergy £ The
steps in this justification involve first noting the highly free-electron character
of the very high encrgy final states in XPS (that is ¢,/ = cxp (ik/-r)). Because
the free-electron density of slates is proportional 1o (ENY, this results in an
essentially constant total density of final states into which valence enission
can occur.8? [FFurthermore, the relatively short cleclron mean frece paths in
XPS have heen argued by Feibclman and Fastman'® (o introduce an
uncertainly-principle smearing in the surface-normal component of kS thal
is larger than the mean Ak spacing between final-state bands at a given cnergy.
and so permits oll initial slales in a polycrystalline specimen 1o be equally
involved in direct transitions as far as k-conscrvation is concerncd. Phonon
effccts also may lead to a uniform sampling of all initial states, as suggesied
by Shevchik.'% Finally, Baird, Wagner, and Fadley have carried out maodel
direct-transition calculations for single crystals of Au'** and AR in which
all matrix elements were assumed to be equal and the only K/ smearing
included was associated with a linite spectrometer acceptance aperlurc.
summing spectra predicted for all mean emission directions with respect to
the crystal axes gave results essentially identical to the density of accupicd
states, suggesting again that all initial states are cqually sampled. Thus, there
are several reasons 1o expect XPS spectra from polycrystalline matcrials o
have a form given approximalcly by Fq. (107).

XPS has been utilized to study the valence clectronic structures of many
solids.2. 190-193 Examples of comparisons between cxperiment and theory
for the three principal classes of solids (metal, semiconductor, and insulator)
are shown in Figs 13,181 {4,172 and 15.593 Jjere, totad densitics of initial states
p(EY are compared dirccily with experimeny, in some cascs alter a suttahle
broadening has been applicd to theory to simulale nntural and instrumental
linewidth contributions. These comparisons show that all of the mitin features
noted in the experimental spectra are also seen in the theoretical densities of
states, although peak intensities are not always well predicted, probably duc
to non-constant cross-section effects. For example, in ¥ig. 15, the dotted curve
indicates an cmpirical estimate by Ley ef al!™ of the relative cross-scclion
variation that would be necessary to yicld agreement between experiment and
Fq. (107) for dinmond. The form of 1lis curve is furthermore consistent with
the increasing C2s character expected toward higher binding cnergics in the
diamond valenee bands, as the C2s atomic cross-seelion is expected 1o be
considerably larger than that for C2p.'%* Similar conclusions have also heen
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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 rofc in the analysis of such XIS data, but it is
very encouraging that observed peak positions in general agree very well
with those in the density of states. Fhus, XPS has proven Lo be a very direct
method for studying the densily of states.

In summary, for studies of densitics of slales in solids, both UPS and XPS
exhitwt certain unigue characteristics and advantages. Somewhal betier
resolution is possible in a UPS measurement, primarily due to the narrower
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Fig. 1} XIS valence spectram for polycrystalline silver excited by monochromatized
AlKa radiation in comparison with a theoretical density of states. Curve a is the raw XPS
data, cinve b s the data aflter a smooth inclastic background correction has heen sub-
tracted, and curves ¢ and o represent two different lineshape broadenings of the total theo-
retical density of states according to Eq. (158). These broadenings thus include cffects due
to both lifetime and shake-up type excitations in the metal. Note the steep cut-ofT in the data
near by — 0, which can be used to determine the instrumental resolution function. (From
Marric and Chiistensen, refl. 191))

radiation sources presently available. Also, UPS spectra contain in principle
information on both the initial and final density of states lunctions, togcther
with certain k-dependent aspects of these lunctions. The interpretation of an
XPS spectrum in terms of the initial density of slates appears to be more
direct, however. Also, the elfects of inclastic scatlering are more casily
corrected for in an XPS spectrum (cf, Section 11.E). Finally, the two techniques
are very complementary in the sensc that they are controlled by cross-scctions
which may have different retative values for dilferent bands, thereby providing
further information on the types of states involved.
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Fig. 14. XPS valence spectrum for a silicon single crystal cleaved in vacuum (points),
together with a caleutated total density of stales (bottom curve), and a density of states
broadened by the instrumental resotution function. Excitation was with monochromatized
AlKx. The spectrum has been corrected lor inelastic scaticring. The encrgy locations of stale
density primarily due 1o various high-symmetry points in the reduced Britlowin zone are
also indicated. {FFrom Ley et al., rcl. 192))

E. Inelastic Scattering in Solids

Inelastic scaltering acts to diminish the no-loss photoclectron current for
any lype of specimen (gas, liquid, or solid). The processes involved can be
one-electron excitations, vibrational excitations, or, in certiin solids, plasmon
excitations. As il is in measurements on solids that inelastic scattering plays
the most significant role in limiting no-loss ecmission to i mean depth of only
a few atomic layers, only such effects will be considered in Jetail here.

33
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Fig. 15. V"."'"c.c spectrum for diamond (points) in comparison with a calculated density
of states (s:l‘lu.l histogram). The dotted curve is an empirical estimate of the mean cross-
seclion varialion wilh energy that would be required o reconcile the spectrum and the
density of states .'lcct.vrtlmg to Eq. (107). Also shown in the lower portion of the figure is
the detailed |hcuutnc.al fand structure along various high-symmetry directions in the
reduced zone, The incident radiation was monochromatized AlKa. The spectrum has been
corrected for inclastic scattering. (From Cavell 1 af., ref. 193}

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

N=Noexp [~/ Ae (Fuan) (108)

where Ao is lermed the electron attenuation length, mean free path, or
penetration depth. Implicit in this definition is the idea that inclastic scattering
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accurs after photoelectron excitation by means of what arc often relerred to
as “extrinsic’’ luss processes. “Intrinsic”” losses cin however occur cduring
excitation!?® and are discussed further in Scction VLI

Such attenuation lengths arc usually determined by incasuring Auger or
photocicetron peak intensities from uniform overlayers with varymg thick-
nesses comparable in magnitude (o Ae Poweliz¢ and Lindau and Spicer®!
have recently presented very thorough revicws of atlenuation length measure-
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.1%5 Powell’s summary ol experimental valucs obtained in
various studies is shown in Fig. 16. (Note the log log scales.) All data points
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Fig. 16. Summary of experimental valucs for the electron inelastic attenuation length A
for various solids. {(From Powcll, ref. 20.)

lic roughly on a common curve, which has been termed the “universal curve”
of attenuation lengths (although it should be noted that it is universal (o
within only a lactor of two Lo five). Extending a plot such as Fig. 10 (o lower
encrgies?! reveals a minimum in Asat ~ 30 100 ¢V and an increase at lower
encrgics corresponding to typical UPS experiments. Thus, swface sensitivity
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is a maximum in the 30-100 eV kinetic-energy range. For the log-log plot
of Fig. 16, the higher energy dala are fairly well described by a single straight
line that ultimately yields an empirical energy dependence of the form

Ae(Exin) oc(Fxyn)o-52 (109)

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

Powell? and Penn' have afso recently discussed various theoretical
models that can be used to predict atlenualion lengths at XPS kinetic
energics in terms of microscopic system electronic properties, Penn divides
the attenuation length up into two parts involving core- and valence-tevel
excitations according to a reciprocal addition procedure expected if the two
types of fosses are independent of one another:

{110)

Ao. tolal A!‘, core Ae, vRlrace

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

M 4Fwin
Ae =255%x 103 ME —In} —— 111
L core x kln/P‘ZE‘ [AE{] ( )

in which Af is the atomic or molecular weight of the solid, Eyn is in electron
volts, p is the density in gfem?, Ny is the number of electrons in the ith
subshell at enerpy £y, and AE; is the mean energy loss involving these electrons
(always greater than Fi=FEyF(i)). Ae, vatence is determined by assuming that
plasimon excitations are the dominant loss processes,}*® a situation that can
also be shown to yield an overall relationship very similar to Eq. (111),20
and the final resulls permit estimating XPS A, values for all elements and
compomnds, albeat by means of a rather simplified model. In conneclion with
such estimales, it is expecled 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 quantitative
aralyses of homogencous systems by XPS, as discussed [urther in the next
sccetion,

As a final comment concerning electron atlenuation lengths, it has also
been pointed out by Feibelman!®7. 198 thal A. may vary in magnitude from
the bulk of a specimen to its surface because of changes in the dominant
merde of extrinsic inelastic scattering {for example, from bulk- to surface-
Masmon excitation). Thus, A, nced not be an isotropic constant of the
material, although it does not much deviate from this for a frec electron
mctal 17?
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F. Photoelectron Peak Intensitios

L Introduction. The quantitative interpretation of x-ray photoclectron
peak intensitics requires developing a model for predicting their mapgniudes
from various properlies of the cxcitalion source, specimen, clectron sinalyzer,
and detection system. Detailed discussions of such models have bheen
presented previously by Krause and Wuillcumicr!®® for emission from £ASCS
and by Fadley!'? for emission from polycrystalline solids. A bricf outline of
the cssential assumplions involved will he prescnted here, followed hy a
summary of several important special cases for emission from solids in the
next section,

In general, the photoclectron peak intensity Ny produced by subshell &
can be caleulated within a three-step-like model by integrating the differential
intensities d Ny originating in the various volume elements of the specimen.
Each of these diffcrential intensities can be written as the following product,
in which x, y, z denotes position within the specimen

X-ray Mux Number of atoms (molecitles)
dNg = x .
at v, y, z indy dy dz

y “Differential cross- . Acceplance solid angle of
section for & subshell clectron analyzeral v, y, 2

Probability for no-loss ]
Instrumental

escape (rom specimen :
wilhp::egligiblcp * detection (12
clliciency

direction change

In most spectrometer systems, a non-monochromatize: x-ray source with
a broad flux emission patiern is utilized, and for this casc it is reasonable 1o
set the x-ray flux equal to some constant valuc /o over the entire specimicn
volume that is active in producing detcctable photoclectrons. This assemplion
is valid because the cxciting radiation is attenuated much more slowly with
distance of travel into the specimen than are the clecirons as they escape from
the spccimen. Thus, the rcgion active in producing no-loss elecirons is
exposed to an essentially constant lux. Exceplions to this situation arc mono-
chromatized x-ray sources for which a focused beam s produced,”™ as well
as grazing-incidence cxperiments on solid specimens in which x-ray refriction
at the surface much increases the x-ray altcnuation with distance below the
surface.!7. 178. 179 Neither of these special cases will be considered further
here, but refraction effects are discussed in Section VI.C.

The acceptance solid angle £2 of the electron amilyzer will vary over the
specimen volume, hecoming zero for those points from which emission is
lotally prohibitcd by the elcctron oplics. (2, as well as the eflective specimen

35
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arca A over which Q#0, also may vary with electron kinclic energy, as
discussed previously in Sections [1.C.1 and I.C.2.

The probability for no-loss escape from the specimen, which can in the
present context be written as T(Exin, K/, x. y, z). is most simply given by an
expression such as Tq. {108) involving the clectron attenuation length,
provided that clastic scatlering events that change direction but not energy
are neglected. k/ thus specifies the direction of electron motion along the path
{ength / from the excitation point x, ¥, z. In pascs, such an cscape probability
must also take into account variations in density (and thus also Ac) along
the electron trajectories.

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

If the alomic or molecular density in cm~3 is denoted p(x, y, z), the
difTerential intensity element thus becomes

d
ANy =Ta p(x, y, 2) dx dy dZ'F:;'Q(EHn- X, yy 2)

-T(Exin, k7, X, §, 2)* Do(Extn) (113)

or for a uniform-density, but bounded, specimen:
day
ANg = ly-pdxdy dz-m-ﬂ(EHn. x, ¥ 2)
(

exp{—HALEan)]- DolExn)  (114)

where 1 is the path length to escape from the specimen sur{ace info vacuum.

2. Peak Intensities from Solids. With a few simplifying assumplions, Eq.
(1 14) is readily integrated to obtain useful-expressions for total peak intensity
Nx for the idcalized spectrometer shown in Fig. [7.17. 178 The specimen
surface is assumed to be atomically flat. The specimen is taken to be poly-
crystalline 1o avoid single-crystal anisotropies in emission?® (see discussion
in Section VED.1). An exponential inelastic attenuation law as in Eq.
(108) is assumcd, and elastic electron scattering cflects are neglecled.
For a given kinetic cnergy, the clectron spectrometer is Turther assumed 1o
act as though a mean solid angle £2q is applicablc over alt specimen volume
included in the projection of an cffective aperture Ao along the mean clectron
emission direction (dotted lines in Fig. 17). Both 2p and Ao may be functions
of the kinetic energy Luin. The mean emission direction is assumed to be
at an angle @ with respect to the surface. The exciting radiation is incident at
an angle ¢, with respect to the surface, and, due to refraction, the internal
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Fig. 17. Idealized spectrometer geomelry for calculating photoclectron peak intensitics
from solid specimens.

angle ;" may be less than ;. Such rcfraction {and reflcction) effects only
occur for $:<1°,178. 17 and will not be included here, although they arce
briefly discussed in Scction VI.C. The angle = between the mean incidence-
and exit-directions is held fixed at between approximately 45" and 1057 in
most currenl XPS spectrometers.

Within thc approximations quotcd ahove (which are very nearly achicved
in a number ol practical spectrometer systems), it is possible to derive intensy
expressions for several important cases: 17,178, 201

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

Ne(0) = 16Qo( Ex) Aol Ex) Dol Ex)p (dox/d) Aol Ex) (115)

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

various peaks. I absolute intensitics are (o be derived, then the incident flux
o must he determined, as well as the kinctic energy dependences of clfective
solid angle Ly, clfective specimen arca Ag, and detection efliciency Dy. In
relative intensity measurements in which the quantity of inlerest is Ny/Ny,
for two peaks & and &7, I will cancel, although (g 4aDg need not due to its
kinctic cnergy dependence. The density p of the atoms or molccules on which
subshell & or k' is localed may be known beforchand, or may also bhe the
desired end result in quantitative analyses using XPS. The differential cross-
section dag/di2 can be calculated by the various methods discussed in
Scctions 11.12.2 $11.12.4. Tor core levels, the tahulations of o4y by Scolield, !5t
combined with the Ba values given by Reilman er al '™ provide a suitable
means for estimating dog/dLE with good accuracy within the (ramework of a
one-clectron-transition modlet, Possible effects of mulli-clectron processes
on the wse of such cross-sections are discussed in Sections ULD.1 and V.1,
Within a given specimen, A(£y) can he estimated from Penn’s ircatment 191
or, more simply, #1s dependence on kmetic energy can be assumed to follow
the empirieal sguarc-root dependence of Eq. (109). Note that there is no
dependence in N within this simple model, a prediction that has becn
verilicd experimentally by Henke ;'7 this behavior is expected to hold as long
as # is not made so small that the edges of the specimen lie within the
aperlure 4,.17. 222

{h) Specimen of thickness 7, atomically clean surface, peak k with Exin= Ex:

Ni(0) = Tldn( Ex) A n(Et)Do{Et)p(dut/dQ)/\g(Et)
% [| —exp (—t/A(Ex) sin 8)) (116)
Here, the intcnsity of a peak originating in a specimen of finite thickness is
predicted ta increase with decreasing 8 (again with Lhe proviso that # not be
so small that the specimen cdges lie within Ag).
{¢) Scmi-infinite substrate with uniform overlayer of thickness (—
Peak k from subsirale with Egpn= Ex:
Ni(0) = 1oQa(Ex) Ao Ex) Do( Ex)pldor/dQA o(Ex)
xexp (—t/A.'(Ex) sin 8) (tH7
Pcak { from overlayer with Exyn=Fi:
Ni(60) = 1oQto{ ED Aol EN Dol E)p'(deyfdS A (EY)
w [1 —exp (= 1/ A (Ey) sin 6)} (118)
where
AFi)=an attenuation length in Lhe substrate

A (Fi)==an attenuation length in the overlayer
p=an atomic density in the substrate
p’=an atortic density in the overlayer,
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Overlayer/substrate ratio:
NdO0)  Qa(EQAoEDDo(EDp (doi/dQ)A (E1)
Nel0) Qo Fr) A Ee) Dol Ex)pldor/dt) A o{ Ex)
x [ —exp (— 1/ A'(Er) sin Dexp (1 Ae'(Fy) sin 0 (119

This case represents a much more common experimental situation in which
the primary specimen acts as substrate and possesses an inlentional or
unintcntional contaminant overlayer {for cxample, oxide on a metal or a
layer deposited from the spectrometer residual gases). Substrite peaks are
attenuated by inclastic scattering in the overfayer, an effect thal is much
enhanced at low & The overlayer/substrate ratio is thus predicted to increase
strongly as 0 decreases, an effect that suggests a general method for imcreasing
surface sensitivity by using grazing angles of electron escape; such angular-
dependent studies are discussed in more detail in Section VI.B.

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

monolayer coverage—Peak k from substrate: Eq. (119).
Peak { from overlayer:

Ni(8) = 1eQo(Er) Ao E1) Dol 1) 8'(doy/dQ)(sin 0) 1 {120a)
Overlayer/substrate ratio:
Nl(o)_ Qo EYAo(EDNDo(E)s (dag/dS))

N(0)  Qo(E)Ao(Ex)Do(Ex)s or/dO)(Ad Ex) sing)f
.. [.T'] . Do(El)ﬂu(Et)An(E;)(do:fdQ)d

s | DAEDNAEN A ExNdor AR, s 0 (120h)

with
s’ =the mean surface density of atoms in which peak / originales in
cm -2
s =the mean surface density of substrate atoms in cm- 2

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

d=the mean separation between layers of density s in the substrate
{calculable from s5/p).

These expressions are useful in sutface-chemical studies a( very low exposures
to adsorbate molecules (s/5 5 1), as they permit an estimation of the fractional
monolayer coverage from obscrved peak intensitics. The assumption of no
inclastic attenuation in the overlayer is an extreme one, but s justified because
the macroscopic A, of case (¢) is both difficult 1o estimate and dubious in its
application to such thin, nen-macroscopic layers, and also hecause il repre-
sents a correct limiting form for zero coverage.

kY
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The basic model presented here assumes an atomically-flat surfacc. As this
will obtain only very rarely in actual cAperiments, assessments of the potential
effccts of surface roughness on XPS peak intensities have hecn made by
Fadley ef af17-2%2 It is found that roughness can appreciably affect both
absolute and relative intensitics, especially for systems with inhomogeneity
as measured vertical lo the surface,!?. 209 with much depending upon the
dimensional scale of the roughness relative Lo the attenuation lenglhs (or
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.!7. 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(Ex, ) must be included as a further faclor in all of Eqs (115)-
(120). The delinition and determination of this response function are discussed
elsewhere.17. 202 [ is unity for the idealized geometry treated here (as long as
8 is not too small). 1t has also been calculated and measured for one parti-
cular spectrometer system.? A further important property of this function is
that it will generally be only weakly dependent on kinelic energy, and so will
cancel to a very good approximation in peak intensity ratios obtained at a
given angle 6. Fhus, relative intensily measurements can be made in most
cases without the necessity of evaluating the instrument response with 6.

3. Applications te Quaniitative Analysis. The first detailed experimental
tests of the simplest model for intensities originating in a uniform specimen
represented by Eq. (115) above werse carried out by Neledov et al.1®! and
Carter ef al29 The study by Carter e al. made usc of Fq. (94) to avoid the
necd of evaluating symmetry parameters, Eq. (109) for the enetgy dependence
of attenuation lengths, and an empirically-detcrmined instrument factor
Qo Ex)AA(END o Er). The Scoficld calculations!®! provided the cross-sections
required. Theoretical relative intensities were calculated for subshells in a
number of elements and comparisons were made with several scts of experi-
mental data. including tabulations of measured relative intensities {or
clemental scnsitivities) by Wagner?®® and Jorgensen and Berthou.2" In
general, agrecment to within + 109, was found. Powell and Larson?®? have
more recently considered the use of the same model from a somewhat more
exact viewpoint, including a discussion of potential errors assoctated with
determining experimental peak areas that are directly relatable to all of the
processes involved in the differential photoelectric cross-section. Specifically,
from 20% to 507, of the one-electron dilferential pholoelectric cross-section is
cxpected to appear as low-energy satellite intensity due to many-clectron
eflects (cf. discussions in Sections TILF.1 and V.D.2). All of the (actors in
Eq. (115) were considered in detail, with the most accurate approximations
being made whenever possible; for three purc compounds with carclully
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cleaned surlaces, the agreement hetween experimental and theoretical relative
intensities was ~ + 5%, Thus, there are good reasons to he optimistic that
XPS can be used for quantilative analyses of well-prepared homogencous
specimens with this accuracy. For systems exhibiting inhomogencity near the
surface (for example, a substrate/overlayer gecometry), additional problems
arc chcountcred because at least two regions arc involved, but, especially
when conpied  with angular-dependent measurements,}?  accuracies  of
~ 1 107 again seem achievable (sec also discussion in Section VI.B). Thus,
X PS does have considerable analytical potential, particularly as a near-surface
probe that is at least complcmentary to, and probably somewhal more
quantitative and less destructive than, electron-cxcited Auger clectren
spectroscopy (AES). PowellZ0® has recently comparatively reviewed the use
of XPS and AES in surface analysis.

1V. CORE ELECTRON BINDING ENERGY SHIFTS

A considerable fraction of XPS studies to date has been involved primarily
with the precise measurcmient of core clectron binding cnergies, and in
particular with the measurement of chemical shifts in these hinding energics.
Such chemical shifts in fact provided much of the recent impetus for the
development of XPS.3 The technique is rather uniguely qualificd for such
studies, as the usual x-rays utilized (MgKa=1254 eV and AlKa— 1487 cV)
can penclrate to levels weli below the vacuum level. The more common
ultraviolet radiation sourccs presently limit UPS 1o valence levels and weakly
bound core levels within ~40 ¢V of the vacuum level, on the other hand.
Synchrotron radiation is also now beginning to be used to excile ouler core
levels with E,Y <300 cV.15.209

The core levels of any atom can by definition be considered 10 represemt
filled subshells, and are found in XPS spectra to be relatively sharp in cnergy,
with typical experimental widths of approximately 1-10eV. The width
observed for a core photoelectron peak depends upon several [actors 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 encrgy FA(N -1, K), as
represented for example by multiplet splittings, multi-clectron elfects, or
vibrational broadening {sce Section V), and

(3) unresolvable chemically-shified peaks,

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

(1} the exciting x-ray linewidth (approximately 1:0eV for AlKa without

monochromatization and approximately 0-4 ¢V with),

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

0-3cV for 0-03% resolution at Exin = 1000 eV}, and

(3 non-uniform charging ol the specimen (variable magnitude, as dis-

cussed in cenncclion with Eq. (2)).

The minimum core lincwidths observed to date have becn a few tenths of an
cV.41. 210 Thus, provided that the various inhcrent sources of linewidth and
non-uniform charging arc nol too large. it is possible in principle to measure
chemical shifts of the order of 0-1 ¢V between two or more photoclectron
peaks resulting from emission from the same subshell.

If the same atom A is considercd as existing cither in two chemically
inequivalent sites in the same compound labelled 1 and 2 or in two different
compounds which can be similarly labelled | and 2, then the chemical shilt
AEL of the k clectron binding energy can be wrilten simply as the diflerence
of two binding encrgics. For gaseous specimens with vacuum-referenced
binding cnergics, this means that

AEWY(A k, - =(EpY (k) — (EnV (k)2
=(Exmn)z— (Ewn)r  (gases) 1z
where A, k. 1 2 represent the minimum number of parameters required to
specily a chemical shift, that is, the atom and level, and the two chemical

sites or compounds involved. tlere, we have neglected charging effects. For
solids with I'ermi-referenced binding encrgics, the corresponding cquation is

AEWVA KL 2= (Enfkn — (EnT(k))e
=(Ekln)2‘“ (Ekin)l +(¢sprrl)2—('f’nncﬂ)l + (Vt)Z"'(Vc)l (122)

where possible effects due to spectromeler work function changes or
dilTerences in charping potential have been included. Provided that both of
the latter elTects are negligible, Eq. (122) simplifies 1o a form identical to that
of Fq. (121,
AFWF(A, Kk, 1-2) = (EoF (kO — (EvF(k))2
=(Fxin)z—(Fran)1  (solids) (123)

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

AFWY(A K 1 D=AE(A, &, 1 -2)+ (da)t — (dha)z (124)
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Thus, in directly comparing vacuum-referenced theorctical calculations ane
Fermi-referenced cuperimental values, it is required 1o neglect the work
function difference between the two solids, (¢ — (Fad2. In most work 1o
dale, no serious effects of work function differences have been ohscrved,
although there is generally more scatter on a plat of mecasured chemical
shiflts against calculated chemical shifts for solids than on a corresponding
plot for gases.™ 1. 7. 211 This additional scatter coutd be connected with
reflerence level effects or specimen charging or both, Roth of these efects
deserve further study,

The theoretical interpretation of core-level chemical shifis has been
attempted at various levels of sophistication, with each level providing a
certain degree of agreement with experiment and interpretive utility. Several
reviews of thesc procedurcs have been presented previously,? 4. 7, %, 109
and therefore only a bricf outline of the most important models, their uses,
and their limitations will be given here. These procedures will be considered
in approximalc order of descending accuracy. From the outset, it is clear that
the major goal of such analyses is to derive chemically-significant information
concerning the initial state clectronic structure of the system. Various linal-
state complexities {(see Section V) can tend at times to obscure (he initial-
state chemical information, but it has nonctheless proven possible (o derive
it relativety straightforwardly for a number of systems.

The most accurate calculation of any binding energy shili must in general
involve determining two binding cnergies, or a total of two initial-siate
calculations and two final hole-state caleutations. 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 caleulating
binding cncrgies have already been discussed in Sections 1A and 1118,
Relative to a Koopmans' Theorem approach, corrections due to relaxation,
relativistic, and correlation effects must be considered, as summarized in
Eq. (55). A chemical shift in such binding cnergies between (wo chemically-
inequivalent sites or compounds {abeiled 1 and 2 is thus

AERY(A, k, 1-2) =(EnY (k) — (En¥{k))2
= —(exh +{ex)z~ (BErerax)r 4 (5 Ererax)z
+(8Eretat)t ~ (3Freint)z+ (AEcored1 — (FEcare)z
or
AEhV(/‘. ’(, I--2)= —Al'k**A(SEr(-Iax)+A(5Erolnl)+A(8E¢'0fr) ('Zﬁ)
In view of the physical origins of the relativistic and correlation correclions
for a given core level, they wili tend to have values of approximalely (he

same magnitude from onc site or compound to ancther. The same should
also be true, but probably to a lesser degree, for relaxation corrections, Thus,
.t

3
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in many cases, it would be expected that A(SEreinx). A{8F eiar), and A(BEcore)
would be considerably smaller in magnitude than the individual corrections
to cither (EnY(k1 or {ErY(k))z, and therelore that the Koopmans® Thcorem
value — Aex would represent a quite good approximation to the chemical
shift AERY(A, k. 1-2).195 (This need nol always be true, however, and we
discuss both below and in Scction V.B a few special examples in which
A(SFretan) is very large.) For sitnilar reasons, the quality of the wave {function
utilized in obtaining «x is often not as critical as might be imagined. That is,
approximale wave functions with the same degree of self-consistency for
both systems | and 2 may yield a reasonably accurate value of Aey (which is,
after all, a small perturbation primarily due to changes in valence electron
charge distribution). Thus, the use of Koopmans® Theorem in conjunction
with various approximate calculation procedurcs such as minimal-basis-sel-
or double-zeta-basis-set Hartree-Fock calculations has met with success in
analyzing much chemical shift data. 1t appears that molccular wave [unctions
of double-7¢ta qualily can be utilized to predict chemical shifts from —Aex
which agree with experiment to within ~ % I eV for a carcfully-chosen sel
of molecules not too much different in size, in spite of the fact that the orbital
encrgies for such levels as Cls and MNis tend to be as much as 10-20eV
higher than the experimental binding energies due to relaxation. In Fig. 18,
experimental Cls binding energies for dilferent gaseous molecules are
compared to s orbital energies from various theoretical calculations of
roughly double-zeta accuracy. Although the two scales are shilled setalive to
one another by about 15 ¢V, the points lie very close to a straight linc of unit
slope. Thus, for scis of molecules chosen to minimize A(3Ereiax), A(3Ereint),
and A(3Ecarr), chemical shifts should be calculable from these orbital energies
with an accuracy roughly equal to the scatter of points about the straight
lingc or +1 ¢V 70100

Although the use of Koopmans® Theorem inr estimating binding energy
shifts from reasonably accurate molecular-orbital calculations can thus be
expected 1o yield fairly reliable values for well-chosen compounds, it is
especially important to be able to inctude the effects of relaxation in such
caleulations. Such effects are treated in more detail in Section V.B, but at this
point it is appropriale 1o menlion a calculation procedure that lies inter-
mediate between those of Koopmans' Theorem and doing accurate SCF
caleulations on bath initial and final states. This method was developed by
Goscinski ef al2'2.213 and is lermed the transilion-stalc or transition-
operator method. In this method, relaxation cileets arc allowed for to second
order in perturbation theory by solving a sel of Hartree-Fock equalions in
which the Fock operator on the left-hand side of Eq. (42) is adjusted so as to
involve an effective 172 occupation number as far as clectron-electron inter-
actions involving the kth spin-orbital from which cmission is to occur. For
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Fig. 18. Plot of carbon |5 binding cnergics calculated via Koopmans' Theorem against
experimental binding cnergies for several carbon-containing gaseous molecnles. For somce
molecules, more than one calculated valuc is presented. The slope of the stiaight Jinc is
unity. The two scalcs are shifted with respect 1o one another by 15¢V, largely due o
relaxation effects. All of the theorctical calculations were of roughly double-scla accuracy

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

the fictitious “iransition state’” thus calculated for cach initially-occupied
spin-orhital, ncgatives of the onc-electron encrgy cigenvalues yicld cstimatces
for binding encrgics that should include relaxation effects to second order.
Comparisoas of core- and valence-clectron binding cnergy calculations for
He, Li, Be, Ne, and Ar 212. 213 do indeed show that this method yiclds results
in very good agreement with the more laborious procedure of calculating and
subtracling accurate tolal energics for both the initial and final states.

The next approximation moving away from the Koopmans' Thcorem
method lor calculating chemical shifts is the potential maodel that was used in
the earliest quantitative discussions of chemical shifts by Sieghahn ef al? and
Fadley et al.19% In this modct, the interaction af a given core electiron wilh il
other electrons and nuclei in a molecule or solid is divided into an intri-
atomic term and an cxtra-atomic (erm. Furthermore, the assumption is made
that cach atom in the array has associated with it a net charge consistent with
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overall clectroneutrality. These net changes thus account in some way flor
the displacement of clectronic charge which occurs in the formation of
chemical bonds, In very covalent systems, this model is of questionable
ulility, but scveral varialions of it have been applied to a wide variety of
systems with considerable success.3: 4. 195. 214-21% More recently, it has been
termed a ground-stale-potential model (GPM)2'5 1o emphasize its usval
neglect of final-state effects (cspecially relaxation). Consider an atom A with
a charge g4 siluated in an array of aloms to which it is somchow bonded,
The binding cnergy of the kth electron in this atom can then be expressed
as a sum of two (erms, onc intra-atemic frec-ion term and one extra-atomic
potential:

EbxY(k) = Ex¥ik, g0+ V (126)
Compound Free ion of Potentlal due
charge qa 10 il other atoms

The first term is a binding energy for the kth electron in a free-ion of charge g,
and the sceond term is the total potential due to all other atoms in the array.
The first term might be evaluated by means of a (ree-ion Hartree-Fock
calculation, for example (although much simpler procedures 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 crealing the
potential 1. Thus,

v § X (127)
izalta
where the summaltion is over all atoms except that of intcrest in the array. If
the array is a crysial, then ¥ represents a convergent infinite sum that is
closely related to the Madclung energy of the solid. 193 Thus, both terms in
Tq. {126) may be relatively easy to obtain for a number of systems. Calcu-
lating a chemical shift using Eq. (126) gives

AEhV(A. k, 1—2)5 Ehv(k. qa, |)—Ebv(’(, qa, z}+ Vi— Ve (123)

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

The difference of free-ion terms in Eq. {128) represents a change in binding
energy concomitant with a change in the valence electron orbital occupation
of the atom such that the net charge is altered from g4, 2 to ga, 1. In the
lirst analyses bascd upon the potential model, Fadley e a/.195 calenlated such
changes for remaoval of successive valence electrons from various ionic states
of 1, Br, CI, ¥, and Fu, using a minimum-basis-set Hartree-Fock calculation
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and Koopmans' Theorem, These results are presented in Figs 19 23, where the
shifis are plotted against the location of the maximum magnitude of the radial
function for each orbital. Several sysicmatic features of these resulis can be
noted. For iodine, all core levels shift by very nearly the same amount, This
is basically truc also for Br and Cl, although as the atomic size decreases
there is Jess constancy in the core shilts, with ouler orbitals showing slightly
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Fig. 19. Koopmans® Theorem frec-ion binding encrgy shifts caused by the removal of a
valence Sp electron fromn various configurations of indine, plotted against the focation of
the radial maxima for the various orbitals. The configurations are: +4 = 5525p, +3— 5¢75p2,
+2="555p7, +1=75:28p4, 0="5:25pt, and — | = 5525p* The solid curve shows the classical
shift resulting from the removal of an electron from a thin spherica? shell of charpe with the
radius of the 5p maximum. (From Fadley ef al., refl. 105)

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

s
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Fig. 20. Calculated frec-ion binding cnergy shifts caused by the removal of a valence
4p clectron from bromine, plotted as in Fig. 19 The conliguratlions are: +2=45%4p3,
+ 1 =4s74pt 0—-4524p*, and —1 =45%4p*. (From Fadley ef al., ref. 105))

and valence electrons. The valence clectron charge distribution can be
approximated by a spherical charged shell of radius v, whcre ry can reason-
ably be taken to be the average radius of the valence orbitals or the location
of their radial function maximum. The classical potential inside this spherical
shell will be constant and equal to g/rv, where ¢ is the total charge in the
valence shelt. 1 the charge on this shell is changed by 3g. the potentials, and
thus binding cnergics, of all the corc electrons located well inside the shell
will shilt by an amount SEyY = 8gfry. Such classicat calcutations are shown
as the solid lincs in Figs 19-23 and are found to give results that correctly
predict the trends in relative shifts from subshell to subshell, as well as being
in semi-quamitative agreement with the absolute magnitudes of the more
accurate Hartree- Fock calculations. In general then, all core electrons which
averlap relatively little with the valence shell are predicted to shift by approxi-
maltely the same amount, and this prediction is verificd experimentally 193
The magnitude of the shift per unit change in charge should also increase as
the valence shell radius ¢y decreases, as is illustrated for the case of Eu. A
more accurate cstimate of 8E,Y/8q for any atom is given by the change in
Hartree Fock ex upon removal of onc valence electron. From Eq. (47),
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Fig. 2t. Calculated free-ion binding encrgy shifts caused by the removal of a valence
3p electron from chlorine, plotied as in Fig. 19. The configwmations are: 1 2= ¥s23p",
+1=1523p*, 0=1523p% and -t =2:?Ip% (From Fadley e/ al., refl. 105)

this will be given by Jx vatenee — Kk vatence (spins parallel) or Ji varenee (spins
anti-paraflel). As the core-valence exchange integral Kx varence will he of
significant magnitude only if there is appreciable overlap between the core and
valence orbitals, we can neglect Kx vatence it cOMparison (o Je varence- (For
example, in carbon, Jig, 2,=22"1 ¢V, Kie,ze=1-4 €V, Jiy 2p=20-8cV, and
Kir, 2p=0-6eV.) Thus, 5EyV/34 should be approximalely equal to Ji vatence.
the cose-valence Coulomb integral. The magnitude of such Coulomb integrals
are, in fact, found 10 be in good agreement with the shifts calculated in
Figs 19-21 for 1, Br, and CL As a final point, the free ion term 85,/ is
of the order of 10-20 cV/electron charge for essentially all clements.

If the polential term ¥ in Eq. (126) is now considered, it is foumd that its
value also will be of the order of 10-20 ¢V for a transler of unit electron
charge from onc atom to its nearest neighbors.™ 1% as, for example, in a
highly ionic alkali halide crystal. Furthermore, for a given molecule or solid
the frec-ion lerm (3EnY[8g) 8¢ will be opposite in sign (o 1, as 1" mustaccount
for the fact that charge is not displaccd to infinity, but only to adjacent atoms
during chemical bond formation. Thus, both the free-ion and pl;lellliﬂl lerms
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Fig. 22. Cakulated free-ion binding energy shifts causcd by the removal of a valence
2p electron from fluorine, plotted as in Fig. 19. The configurations arc: +2=2:2)p7,
4 1=2c22p1 0= 257250, and — | =2522p" (IFrom Fadley ef al., ref. 105.)

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

Several other models based esscntially on Eq. (126) have been utilized in
analyzing core clectron chemical shifts,?- ® and the detailed theoretical justifi-
cations lor them have been discussed by Manne 2'® Basch,?!7 and Schwartz.2!®
For example, Siegbahn cf /.4 and Gelius et al.2!'! have been able to describe
the core binding energy shifts for a variety of compounds of C, N, O, F,
and S with the lollowing equation:

AEWV(A K, N-Dy=Caqa+V+i (129)

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

Coulomb integral Jis varence computed for atom A. Thus, Lq. (129) as
utilized in this semi-empirical way is consistent with a somewhal more cxact
theoretical modet. Note, however, that all molccules are not adegualely
described by this model and that, for example, the points for CO and CSs
lic far from the straight line predicted by Fq. {129). As might be expected, if
an orbital energy difference hased on near Hartree-Fock wave functions is
used for the calculated shift of CO, much belter agreement with experiment is
obtained, as is shown in Fig. I8,

In another variant of the polential model proposed by Davis e al. 2% a
series of chemical shilt measurements on core levels in all the aloms of several
refated molecules are used 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

ExV(A Kk, 1-2)=Ca'ga+c? Y @ (130)
iralai

where Ca' is set equal to Ji, vatence for atom 4. The resubtant set ol equations
is solved sell-consistently for the g4 values on each atom. Such calculations

3
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Fig. 24. A comparison of the experimental carbon s chemical shift values for several
molecutes with shifts calculated using the potential model of Eq. {129). The shilts were
measured relative to CHa The parameters of the straight linc were Ca=21-9 eV/unit
charge and [=0-80cV. (I'rom Sicgbahn er al., ref. 4)
on a series of fluorinated benzenes?!® 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 shifis associated with each of the groups bonded Lo
the atom of interest, and has been developed primarily by Gelius, Hedman,
and co-workers.24- 220 Fach group shift is assumed to be constant and
independent of the other groups present and is delermined from a series of
chemical shilt measurcments on reference compounds representing suitable
combinations of the groups. The chemical shift associated with atom 4 in a
given compound is thus wrilten as

AEWA. k, 1-2)= Y AFEn(group) (131)

groups
where 2 conslitutes some reference compound against which all of the group
shifts are detcrmined. The applicability of this procedurc has been demons-
trated on a large number of carbon- and phosphorous-containing com-
pounds, 2t 220 and a summary of results obtained for phosphorus compounds
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Fig. 25. Alomic charges for the various luerinated benzences as calculated by the CNIYO{2
method and as derived experimentally (“ACHARGE™) from chemical shift measurcments
on carbon and Muerine and Cq. (130). Charges are in unils of /100 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 Lo a potential model is
possible if it is assumed that each group induces a valence electron charge
change of 3q(group} on the central atom and also passesses essentially the
same intragroup alomic charge distribution regardiess of the other groups
present. Then both the frec-ion and polentiat terms in Fq. (120) hecome
simply additive (or diffcrent groups, as is required in Tq. (131). Tn addiion,
however, the group shilt can be considered to include empirically an approxi-
mately constant intragroup relaxation correction, thus going somewhat
beyond a ground-state potential model in onc sense.

Some of the first analyses of shift dala were performed simply by plotling
AE\, against atomic charges which werc estimated by varicus procedurcs,
among them CNDO or extended-Hiickel calculations, or most crudely by
clectroncgativily arguments. The implicit neglect of the potential terms of
Eqs (126) and {128) in such a correlation of AEy against g4 can, however,
fead to a rather wide scatter of the points about a straight line or curve
drawn through them. Hendrickson ef al. .22V for example, found two rather
distinet clusters of data points described by two different curves in comparing
nitrogen 1s shifts with charges caleulaled via CNDO. Bowever, there is in
pencral a systematic increase in Ey with increasing g4 for most compounds,
particularly if the compounds are chosen to be rather similar in bonding type.
One such serics of compounds for which a simple electroncgativity corrchition
has proven adequate is the halomcthanes. Thomas?2® expressed the Clys
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Fig 26 A comparison of measured phosphorous 2p chemical shifts with shifts calculated
using the group shilt model of Eq. {131}. The compounds were studicd as solids. (From
Hedman ¢f al., rel. 220}

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

AEWwY(Cls, halomethane-CHy) =C ¥ (X1 - Xu) (132)
!

where (s an empirical constant, X7 is the ligand electronegativity, and Xy
is the clectronegativity of hydrogen, Such a correlation is shown in Fig. 27.
The explanation for the success of this correlation would seem to be as a
lurther simplification of the group shift approach, in which each monatomic
ligand induces a charge transler &g proportionat to Xy — Xy, and the potential
termt involved is also simply proportional to 8g; for a nearly constant carbon-
ligand hond length. Thus, the potential model of Eq. (128) can be reduced to
the form of Fq. (132). Such correlations shoukl bec used very cautiously,
however, as exceplions are relatively easy to encounter: lor example, in the
serics of molecules generated by adding successive methyl groups to ammonia
(N3, NHA(CH3), NH(CH3)z, and N(CHals), the Nlis binding energy is
abserved 1o deerease with the addition of CHj groups,22% in complete dis-
agrecment with the greater positive charge expected on the central nitrogen
becanse Xe > Yy The major cause of this discrepancy is believed to be the
greater relaxation energy associated with the polarization of the -Cliy
group around the Nis hole,22? a type of cffect discussed in more detail in
Scetron VB,
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Fig. 27. (,‘arht'm Is c.hcmical shifts for halogenated methancs measured relative to CHy
and er?llcd.agamsl shifts calculated on the basis of a sum of ligand-hydrogen clectro-
ncgativity differences, as in Bq. (132). (From Thomas, ref. 222)

Among the other methods utilized to analyze chemical shift datz,
mention should also be made of a procedure introduced by Jolly and
Hendrickson?2%. 225 for relating chemical shifts 1o thermaochemical data. In
this method, it is noled that 1o a good approximation the atomic core of an
atom with nuclear charge Z and a single core-level hole acts on any surround-
ing electrons in an cquivalent way 1o the filted core of an atom with nuclear
charge Z + |. I the core electron overlap with the outer clectrons is small,
then the nuclear shietding should be nearly complete and this assumption is
reasonable. As a more quantitative indicator of how good this approximation
is for a medium-Z atom, Table I summarizes the results of highly-accurate
numerical Hartree-Fock calculations by Mehta, Fadley, and Bagus'™ for
atomic Kr with various core-level holes and its equivalent-core analogue
Rb''. With neutral Kr as a reference, the fractional decreases in average
subshell radii 1 — (rar3f(rasdo are tabulated for different corc-hole locations in
Kr'! and for the equivalent-core species Rh''. For the equivalent-core
approach to be fully valid, these fractional changes should he nearly identical
between true Kr hole states and Rb'1, thus indicating the same degree of
inward relaxation around both a core hole and a nuclear charge that is
incremented from Z to Z+ 1. For the various true hole states in subshells
that can be designated tarefnore. the fractional decreases in Crur> range from
~0 for subshells with # <npere up to 11 % for the outermost 4p orhital. The
cquivalent-core Rb'! orbitals by contrast show significant relaxation in all
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U2 lew om0 O ‘ subshells, with a range between 3% for Is and 112 for 4p. Relaxation for
a - . . -
2588382 | subshells wilh 7 € e is thus much overestimated by the use of an equivalent
I — . o et - e . o .
| - - core, whereas {or 1> finote. the overestimatcs r:mg? from only ~0 | {, in
- absolute fractional radius change. Thus, the cquivalent-core model is 2
~ 12 reasonable and useful first approximation, although it is certainly cxpectedd
NI f_{ Qs § = E § to overestimale relaxation effects due lo core-hole formation,
ledEs88% In applying the equivalent-core model to chemical-shift analyscs, it 15
! o0& o o0 pply ) ! :
- assumedZ24. 225 that an exchange of cores can be made in the linal-stale 100
- without appreciably altering the valence elcctron charge distribution or
MR w0 equilibrium nuclear geometry. (The resulis in Table | for the 45 and 4p
d ER A4 = . . . . . .
SNl lgazelf 898 subshelis suggest Lhat this is a good approximation.) Thus, m considering
1 |edoleee- core-level emission from a species containing nitrogen, an O'4 152 core can
be exchanged for the N'® |s=N'* core, where the asterisk denctes the
A presence of the ts core hole. Such core exchanges can be wtilized to write
- a N - . . . .
iy X E :0: é 3 g % g binding energy shifts in lerms of thermodynamic heats of reaction, and hence
Clgeglgag e 1o predict either shifts from thermodynamic data of thermadynamic data
- from shifts. As one example of the application of this procedure, lel us con-
- sider 15 photoelectron emission from gascous NHz and Na as chemical
/E. S 1225988 reactions in which the electron is assumed to be lormed exactly at the vacuum
VIt la s 2823 level and therefore with no kinetic energy:
RIS =Gp-qp-q B-g g
NHs-»NHat*+e: AE = Fu¥(Nls, NH3)
~l.2 Ngz-»>Not*4e: AFEy= FEpV(N1s, Ng)
ala | = |es w P} 8
N N ] . . . . . -
~s e § = a These reactions are endothermic with internal energy chanpes AF1 and Al
) |&lece g e = given by the |s binding energies in NHj and Nz. Subtracting the second

reaction from the first gives

’;. ,S nilo o n3 NH3+N2"-*NH3'.+N21 AFE=AF,—AF»
NNEERS - |
MEIEEER-E-E5 = En¥(N1s, NHa) - EnV(Nts, Nz)
I
- ole o oo e
' =AFEsV(NI1s, NHy— N2)
. with an internal cnergy change preciscly equal fo the Nls chemical shilt
’}. () o [+ — vy . . .
2{E é g § § § % o heiween NHj and Nz. However, this reaction involves the unusuab and very
Jl"’ oA g g short-lived species Nz** and NH3'*. Now, it is assumed that the N%'* core
- can be replaced by the 08! core in cither Nz'* or NHa'* with only a small
. gain or loss of encrgy that can be termed the core-exchange cnergy M.,
4 E LA Q! As long as the corc-exchange energy is very pearly the same in both Np'*
and NHy'*, then the overall energy change associnted with the reaction s
—maeaS not affected by core cxchange. That is, we have a final reaction of
248888
glelllll NHa4 NO' -»OHg' + Nz AE=AFW(NIs,NHa- No) 4 Al - BFee
L T R A -
‘-E Q Q Q g Q g 2 =AE|IV(N15,NH3—N2)
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Therefore, the chemical shift is equal to a thermodynamic heat of rcaction
involving well-known species. This procedure has been applied to an analysis
ol L5 shilts in compounds of N, C, O, B, and Xe, and very good agrecment is
obtaincd hetween experimental AFE, values and thermochemicat estimates of
these shifts. Such a comparison for nitrogen Is is shown in Fig. 28. This
analysis is closely relaled to the isodesmic processes discussed by Clark,? and
is also reviewed in more detail by Jolly!? in this serics.
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Iig. 28. Plot of experimental Nts binding encrgy shifis relative to Nz for several molecules
versus values calculaled using cquivalent-core exchange and \hermodynamic data. The
slope of the line is unity. {(IFrom Jolly, ref. 225))

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

(1) Attempis have been made Lo derive bonding information from relative
binding cnergy shifts of differcnt levels in the same atom. From Figs 19-23,
it is clear that the ouler core and valence levels of a given atom need not shift
by the same amount as inner core levels, especially if relatively penetrating
valence levels are preset as in Gu. Such relative shifts of JdifTerent levels can
for certain cnses be simply related to the basic Coulomb and exchange integrals
involved, and then utilized to determine properties of the valence electron
charge distribution, In particular, the relative shifts of the inner core 3d,
and valence Spy levels have been measured for iodine in various alkyl jodides
and T and these shifts have heen found by Hashmall ef a/.220 1o be con-
sistcnt with a simple bonding model of the compounds involved. More
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recently, Aono er al.227 have carried out a similar relative shift study of rare-
earth compounds that quantitatively conlirms the now-constancy ol the
intra-atomic free-ion shifls as predicted, Tor example, for Fu in Fig, 23,

(2) In another type of analysis, core-level chemical shifts for scverl
homologous scries of the form RXH with X -0, N, I'. and R - varions
substituent groups have also been lound 1o be approximately equal to relative
proton aflinities. 228 Martin er al.22® have explained this corrclation by noting
that the removal of a core clectron fram alom X to form a positive hole
involves very nearly the samc set of R-group relaxation energics (amd to a
less important degree also potential energies) as the addition of a4 proton.
Thus, changes in X-atom core binding energy with R arc expected 1o he
approximately equal to changes in proton aflinity with R, even though the
absolute magniludes of the two quantities are very different; this has been
found to be truc for a rather large number of smal molecules 229

(3 1t has alse been proposed by Wagner22® that the difference in kinetic
encrgy between a core photoelectron peak and an Auger clectron peak
originating totally via core-fevel transitions in the same atom can be used as
a sensitive indicator of chemical state that is free of any uncertainly as to
binding energy reflcrence or variable specimen surface charging. This difTer-
ence, which has been termed the **Auger parameter™,22% changes with altera-
tions in chemical environment because Auger encrgies are influcnced much
more strongly than photoclectron energics by final-state relaxation 2 231 |y
fact, Auger energy chemical shifis are roughly 3-4 times as targe as corre-
sponding corc binding energy shifis.22® Although a precise theoretical ealeu-
lation of such cxtra-atomic relaxation cflects may he diflicull (sce. for
example, Section V.B), the Auger paramcter appears 1o have considerable
potential as a fingerprint for different chemical statces.

{4) Finally, attcmpts have been made 10 corrclate core hinding cnergy
shifts with the results of nuclear speciroscopic measurements such as
NMR?232. 233 and Mdéssbauer spectroscopy,?®! as reviewed elscwhere by
Carlson.!® NMR diamagnetic shielding factors have been compared with
core shifts, but the difficully of separating out diamagnetic and paramagnetic
contributions to shielding have prevented cxtensive application of this type of
analysis. Atso, hinding encrgy shilts for a closcly related set of (in compounds
correlate reasonably well with Maosshauer chemical shift values, 2 hut no
detailed theoretical justification for this correlution has been presented.

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

1
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sinall molecules. This agrcement verifics that ali of the basic physical eflects
involved have heen recognized and can be accounted for quantitatively. 1f
binding energics are calculaled from orbital cnergics via Koopmans® Theorem,
crrors primarily duc lo neglect of final state relaxation are incurrcd. Such
errors can he from | %2 10 10 of the total binding encrgy and can be estimated
in several ways. In calculating chemical shifts of binding energies belween
two different sites or compounds by means of Koopinans™ Theorem, however,
a forfuitous cancellation of a large fraction of the rclativistic, correlation,
and relaxation corrections occurs. Thus, orbital energies can be used with
reasonable success in predicting shifts, although anomalously large final-state
relaxation around a localized hole represents an ever-present source of error
in such analyses (see also Scction V.B). The inleraction of a core clectron with
its environment can be simplified cven further, giving rise Lo several so-called
potential models with varying degrees of quantum-mechanical and/or
empirical input. All of these models can be useful in interpreting shifls,
although it may be necessary (o reslrict altenlion Lo a systematic set of
compounds for (he most approximate of them. The direct connection of
chemicaf shifts with thermochemical heats of reaction via the equivalent-core
approximation is also possible, Finally, it is worthwhile to note that onc of
the primary reasons that chemical shifts can be analyzed by such a wide
variely of methods is that their origin is so simply and directly connecled to
the molecutar charge distribution. In turn, it is very often this charge distri-
bution that is of primary interest in a given chemical or physical investigation,

V. FINAL-STATE EFFECTS

A. Imtroduction

In this section, several cffects arising hecause of complexities in the final
state of the photoemission process will be considered. Considerable use will
be made of the theoretical developments of Sections HLA- 1), from which il
is already clear that unambiguously distinguishing various final-state cffects
in the clectronic wave function may not always be possible, primarily due to
many-clectron effects that might, for example, he described by a configuration-
interaction approach. Thus, the first Tour topics Lo be deall with herc {refaxa-
tion phenomena, multiplet splittings, shake-up and shake-ofl’ efTects, and
other many-clectron effects) are all very much interrelated, as will become
cvident [rom subscquent discussion. However, for both historical and
henristic reasons, it is reasanable to consider them separately, using several
cxamples for which distinctions can be madc relativily casily. (Such final-state
clectroniv effects have also heen reviewed by Martin and Shirley*? in more
detail in this series.) The last subject 1o be treated here involves the influcnce
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of exciting various final vibrational states, for which theoretical background
has alrcady been presented in Sections 1ILA and 1LD.

B. Relaxation Cffects

The importance of refaxation corrections in accurately predicling binding
energics has been emphasized in several prior discussions in this chapler,
As a further example of how large such effects can be, it has been suggesied
by Ley cr al.2%% that relaxation is the primary reason why [rec-atom vacuum-
referenced core binding energics are higher by ~ 5--15 ¢V than corresponding
vacuum-rclerenced binding energies in (he pure clemental solid. Also, inert
gas aloms implanted in noble metal lattices have heen shown by Citrin and
Hamann2 1o exhihil core hinding energies 2-4 e¥ lower than in the lrce-
atom slate, again primarily due to relaxation. In a systemalic study of the
Cls binding encrgy in a set of linear alkanes Callza,z(n-1,2, .., 13),
Pireaux ef of.2"? noled a monolonically increasing Cls chamical shift
AEWC s, CHy-Cpllzg,2) with »r, and a small overall shift of 0-6 ¢V hetween
CHy and Ciallza with sign such that CyzHze has the {owest binding cncrgy.
Transition-operator calculations for these alkanc molecules indicate that the
relaxation energy increases by almost 2-0 ¢V in going from the smallest
CHy to CiaHazs; thus, relaxation is a major contributing lactor in producing
these small chemical shifts, although it must act in conjunction with certain
other effects with opposite sign to reduce the overall shifl to -6 eV, Relaxa-
tion shifts of ~1-3 eV are also noted in UPS spectra of the valence levels of
molecules chemisorbed on surlaces, 28 with the binding energices of molecular
orbitals not directly involved in bonding to the surface being lower than in
the free molecule, presumably duc to exira relaxation in the substrate. In
general for these systems, then, itis found that the more near-neighbor atoms
there are surrounding a given final-state hole, the more relaxalion can occur
and the lower is the observed binding energy.

The relaxation energy SErenx can be unambiguously defined as the
diffcrence bectwcen a Koopmans® Theorem binding energy - ex and a
binding energy calculated by means of a difference of sell-consistent
Hartree-[Fock total energies for both the initial and final states. Various
methods have been utilized lor estimating this encrgy in atoms, molccules,
and solids, 11?121, 205, 239-242 hyt principal emphasis nere wil be on a
relatively straightforward, yet easily visualized, procedure first used extensively
by Shirley and co-workers. 121, 235, 23¢

In this procedure, 12t 23% 239 {he relaxation energy for a given core-level
emission process is divided into two paris: an ilra-atomic lerm (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 relaation
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involving electrons primarily situated in the initial state on other atomic
centers, Thus,

6E‘l't:lmt = aEi“". + SItam ( I33)

relax “relax

{This division of the relaxation correclion was, in fact, made in the first
discussion of the potential model for analyzing chemical shilts.'%%) The
cilenlation of these (wo terms makes use of a general result derived by Hedin
and Johansson,'2® which states that, for emission from an initial orbital e
in an atom of atomic number 7, the relaxation energy is given to a good
approximation by

Bcoinx = §br | PIN =1, Z) — P(N, Z)| s> (134)

in which (N -1, Z) is the total clectronic Hartree-Fock potential operator
acting on the Ath orbital in the (¥ — D-electron final state and (N, Z) is
the analogous total Hartree Fock potential operator for the N-electron
imtial state. (FFor a neutral atom, of course N=27.) The expectation value in
Ig. (134) thus involves sums over Coulomb and cxchange integrals between
¢ and (¥ 1) other spin-orbitals ¢;# ¢x. Two sets of orbitals ¢; are also
needed, aninitial-state set {¢) in P(¥, Z) and a relaxed set {fy'}in P(N—1, 7).
The determination of the relaxed orbitals is now lurther simplified by using
the equivalent-corc approximation, such that the integrals involving
(N — 1, Z) are replaced by integrals for P(N+1, Z+1), the neutral atom
with next higher atomic number; correspondingly, ¢x is taken to be an
orbital in atom Z + 1 in evalualing these imtegrals. This procedure is reason-
able because the orbitals at larger mean radii than ¢x produce most of the
refaxation and such orbitals in ncutral atom Z 4 1 are very little different from
those in atom Z with 3 hole in the & subshell (cf. Table I). Furthermore, even
though inner-arbital relaxation occurs (including relaxation of $2), this inner-
orbital relaxation is smaller (again sec Table I, and thus the Coulomb and
exchange integrals between inner and outer orbitals change littfe in atom
7t | relative to the true hole state in atom Z.'2! Thus, the overall relaxation
encrgy becomes finally

BEveins == 3((u| V] Pad 71— (| P dad2) (135)
with all relevant Coulomb and exchange integrals availablc from existing
tabulated data for atoms.'® Applying this calculation proccdure to core
emission from noble-gas atoms, Shirley!?! obtained very good estimates for
relaxation cnergics as compared to dircet total-energy-difference calculations.

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

SEvetnx = J<hie| P|drdz,1— (ba| [ dadz)inten
+ 3 | Vg2 — (e Pdedz)exrs (136)
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The intra-atomic term in Eq. (136) is calculable as described previously. If
a free atom A is placed into a pure solid lattice of the same specics and it
is further assumed that placement in the lattice has a small influence on the
initial-state Hartree Fock encrgy cigenvalues e (corresponding te an extra-
atomic potential elfect of approximately zero), then the difference belween
free-atom and solid hinding energics is given simply by the cxtra-atomic
relaxition term for the solid:

Eu¥(A, k. atom)-- Ey¥(A, k, solid)
=4 | V| dadz 1 — (| O padzponiem {137

Thesc extra-atomic terms have been derived?™ for a metal hy assuming that
the conduction clectrons polarize to such an extent that a screcning charge of
approximately unit magnitude occupics an atomic-like orbital centered on
the atom containing the core hole. As a reasonable choice for this orbital,
that possessing (he dominant characler of the lowest unoccupicd valence
band in the solid is used, again together with an equivalent-cores approxi-
mation. Although this procedure overestimates screening becavse the erbital
chosen is too localized, it docs give approximately correct magnitudes for
atom-solid shifts such as those in Eq. (137), as is illustrated in Fig. 29 for the
3d transition-metal series. Note the break in values at Z =29 (Cu) when the
screening orbital changes from 3d 1o the more dilfuse 45 because of filling of
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Fig. 29. Differences between vacuum-refcrenced frce-atom 2p core binding cnergics and
analogous binding encrgics in the corresponding clemental metal. The points represent
experimental values and the Tine calculations based upon Eq. (137), which assuines that
extra-atomic refaxation is the main cause of such differcnces. The hreak ai Z =129 is caused
by the filling of the 3d valence hands. (From Ley eral, refl. 215 and 2)5).
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the 3d bands. Alternate calculation procedures of a somewhat morce rigorous
nature have also been proposed 1o explain such atom-solid shifts236. 240-242
including especially discussions of possiblc initial-state shifis in the solid,
Huwcvgr, the scheme presented here clearly yields a semi—quanlilalivé
approximation for onc of the most important factors, extra-atomic refaxation
as well as being very easy to apply to various systems. '

As noted previously (Section TILB), it has also been poinled out by
fcy ot al M5 that a localized-hole description can be used to estimate
relaxation energics associated wilh 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 inncr-orbital
relaxation, the difference operator P(N — 1, Z)~ P(N, Z) in Eq. (134) reduccs
to the single terms Jyaience + K vatence, and the final relaxation encrgy is given by
{(‘f’vnlrnec I jvnlvnm- + kvnlenro |¢'valcncr> = i(?‘vuence ljvnlcnce I'f'vnlc =
{-’valpncr‘ valence- "

As a final comment concerning relaxation, the discussion surrounding
Eq. (_77} and Fig. & should be recalled. That is, the occurrence of relaxation
requires hy virtue of the Manne-Aberg-Lundgvist sum rule given in Eq. {77)
that additional photoelectron intensity arises at kinetic encrgies bclow. that
:: lIu-: fn:l‘:nu:.dl or a_diab:lic peak position, Thus, relaxation is very close‘ly
associated with various kinds - i :
pssociated with e v-D-mde of low-enerpy salellite structure of types (o be

. Muliipler Splittings

Multiplct splittings arise from the various possible nen-degenerate lotal
clectronic states that can occur in the linal hole states of open-shell systems
whether they be atoms, molecutes, or solids with highly localized unﬁlle‘(;
valence levels. The way in which multiple final states can be produccd has
already been briefly introduced in Section 1A, and for most systems it l‘i
fulcqunlc to consider a lotal spatial symmetry designation (c.g. L=0, 1 ‘2 l
in atoms), a tatal spin designation (e.g. $=0, 1, 2, ... in aloms or mt;lc;.ul‘c;)'
fmd p(:ith:lps also the perturbation of these via the relativistic spin—nrllwi;
fnlcmclum. The simplest interpretation of atomic multiptet splittings is thus
in terms of various L, § terms. Such effects can occur in any system in which
the mm.:r subshell ar subshells are only partially occupicd. The partial
nccupulmn' provides certain cxtra degrees of (reedom in forming total final
slates relative to the closcd-shell case via coupling with the unfilled shell left
behind by photoclectron emission. Multiplet effects can occur for h-nlh core
;lm.d. valence emission, as long as the valence subshell(s) are not totaily occu picd
initially. Multiplet splittings also possess the important feature of bein
describahle in first order in terms of a single set of ground-state Hartree- FncE

X-RAY PPHORLE 2

one-clectron orbitals. Thus, electron- electron correlation cilects beyomd the

ground-stale Hartree-Fock approximation are not cssential Tor predicting
that multiplet cflects will exist, although, as will be shown, the inclusion of
correlation effects is absolutely essential for quanlitatively describing these

phenomena in certain instances,
Multiplet clects involving core-level holes arc very commanly encountered
A3 AS

in interpretations of the fine struclure ATiSing in x-ray cmission speetra®?t
and Auger clectron spectra.® 210 248 However, it is more recently that such
elfects were first recognized and studied in detail in connection with core
x-ray photoclectron  spectra of paramagnetic free molecules?- 24* and
transition-metal compounds #6230 Suhscquently, rumerous studics have heen
carricd out, inctuding applications lo sysicms comtaining both transition-
metal aloms?t®. 157, 250 257 and rare-carth atoms 36 258 261 gnd a few compre-
hensive reviews have appeared 262 209 Primary emphasis here will he on the
clucidation of a few examples to illustrate the types of cffects noted and their
modes ol interpretation.

As an introductory example of one type of multiplel splitting found in
XPS studics.™ 250 consider first the ground-state Hartrec Fack description
of photoemission from the 3s level of a Mn2! [ree jon, as shown on the left-
hand side of Fig. 30. The ground stale of this ion can be deseribed in L0S
(Russelt -Saunders) coupling as 3d5 08 (that is, S=1, IL.—=0). In this state,
the five 3d spins are coupled parallel. Upon ejecting a 3s clectron, however,
two final siates may result: 353555 (S—=2, [.—) or 33?18 (S—-3 1 -
The basic difference between these two is that in the 2§ statc, the spin of the
remaining 3s electron is coupled anti-parallel o those of the five 3d clectrons,
whereas in the 7S state the s and 3d spins are coupled parallel. Becausc the
exchange interaction acls only between electrons with parallel spins, the
78 energy will be lowered relative to the 55 encrgy hecausc of the favorahic
effccts of 35-3d exchange. The magnitude of this encrgy scparation will be
proportional lo the 3s-3d exchange integral Kas, ad. and will be given by'1#

ALES()]) = EA3s3d 55) - Ef(353d5 75) = AEIsMd®)

=0Ka,, a4

662 T = rd
By I §—= Pax(ri)P3a(r2) Pas{ra}Paalr1) dry drz (138)

pan?
where ¢ is the clectronic charge, r. and r . are chasen Lo be the smaller and
larger of ry and vz in performing the integrations, and Padr)fr and Padn)fr
are the radial wave functions for 35 and 3d clectrons, The faclos 1/5 results
from angular intcgrations involved in computing Kae, ae. A flartree lock
calculation of the encrgy splitting in Eq. (138) for Mn?' gives a value of
AE/(3s}d%) = 13 e V.4 250 As this predicted splitting s considerahly hirger
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Fig. ). The various finpd state L, S mulliplets arising from 35 and 3p photoemission from
a Mn?* ion. Within the S and P manifolds, separations and relative intensitics have been
computed wsing siniple atomic multiplet theory as discussed in the text. The separation and
relative imensity of the 7.5 and P peaks were fined atl the values observed for Is(1) and
Ipth} in the Mnl2 spectrum of Fig, 31 to facilitate comparison with experiment. (From
Fadlcy, el 262}

thin typical XPS linewidths, it is not surprising that rather large s binding
cnerpy spliltings have in fact been observed in solid compounds cortaining
Mn! and such splittings are clearly evident in the 1s regions of the first data
of this type obtained by Fadley ef al.[*. 25 35 shown in Fig. 11, Roughly the
Ieft_half of each of these spectra represents 35 emission, and the spliltings
abserved in Mntz and MnO are approximately one-half of those predicied
from Iiq. (138), The primary reason for this large discrepancy in magnitade
appears 1o be correlation effects due to the highly overlapping character of
the s and 3 orbitals, as discussed in more detail below,

In considering further such core binding energy splittings in non-relativistic
atoms, it is warthwhile Lo present a more general discussion of the photo-
conission process, including the relevant selection rules.®. 282, 263 |f the
photoclectron is ejected from a fifled ni subshell containing g electrons, and
an urifled #'/* valence subshell containing p electrons is present, the overall
photocmission process can be written as

h.’
(i’ yr ()7 1(n'F'YP 4 photoclectron (139)
(hlledy (2. 8) (f7. 580
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Fig. 31. XPS spectra from three solid compounds containing M, in the kinetic energy
region correspanding to emission of Mnls and Ip clecirons. The initial-stalc ions present are
Mn' 23" (Mnlz, MnO) and Ma' 1347 (MnQO3y). Peaks duc to mulliplet splittings are tabelled
Js(1), 35(2), etw. Kaa 4 x-ray satellite structures are also indicated. (Liom Padley and
Shirlcy, ref. 86)

ticre, L and § denote the 1odal orbital and spin angular momenta of the initial
N-elcctron state and Lf and §7 represent the same quantilics Tor the final
ionic slale with (¥ — 1) electrons. As (#)P is & lilled subshel, its total orbital
and spin angular momenta must both be zero and therelfore 1, and 8
correspond to the orbital and spin momenta of the valence subshelt (#'/7)r
In the final state, L/ and 7 represent momenta resulting from the coupling of
(nl)* ! (or, cquivalently, a single core-cleclron hole) with (n'/)». The
transition probability per unit time for photoelectron excitation is pro-
portionat to the square of a dipole matrix clement belween the initial amd
final state wave functions (sce Scction HHL.D.1 for a delailed discussion). In a
nearly one-clectron model of pholoemission, this matrix clemen! can he
simplified to the sudden approximation forms given in Fgs (68) and (74).
The selection rule on one-clectron angular momentumis A= - f- 1 | s
stated previously. Conservation of total spin and total orbial angular

[¥28
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momenta reguires that
AS=8/—- 8=t} (140
and
Al —~LF-L=0,+1, +2. ..., +for Lf=L+LLHI-1, ., ‘L—i| (141)
Also, the overlap faclors in Egs (68) and (74) yield an additional monopole
sclection rule on the passive clectrons, as introduced in Section TH.D. 1.
TFhis rule implics that the coupling of the unfilled valence subshell (n'l')?
it the final state must be the same as that in the initial state: that is to total
spin and orhital angular momenta of L and S. Finally, any coupling scheme
for (n)? ' or (#'1')* must of course be consislent with the Pauli exclusion
principle. Since (af) 1 is assumed to represent a single hole in an otherwise
filled subshell, it must therelore couple 1o a lotal spin of } anrd a lotal orbital
angular momentum of /. Within this model, it has been shown by Cox and
Orchard'® that the total intensity of a given final state specified by LY, S/
will be proportional to ils total degeneracy, as well as to Lhe one-electron
malrix clemenl squared. Thus, in Russell-Saunders coupling
he L7, SN (257 + 2L+ 1) (142)
FFor the special case of atomic s-clectron binding encrgy splittings, the
rclevant selection rules are thus:

AS=8/-8S=+4 (143)
AL=1/-1=0 (144)

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

Iml(L!, S’}’IZS’-{— 1 (145)

Thus, only two final states are possible corresponding to $/=5+ §, and the
refative intensitics of these will be given by the ratio of their multiplicities,

or oL, $+4) 25+2
hollL,5-1) 2§
The encrgy separation of these two slates can lurther be calculated from

simpie atomic multiplet theory and is given by a result often referred to as Lhe
Van Vieck Theorem: 118

(146)

AlEvn))=EXL, S- ) -FAL, 5+ 1) (147)

AW ] =25+ DKne,n't" TFor §#£0 (148)

AlEwWns)) =0 lTor §=0 (149)

ltere Koy, o'1" is the ns— n't” exchange integral and can be calculated from
Knoow 13707 i L PadrOPus GaPustr)Pacsra)dry drs (150)
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where the same notation as that in Eq. (138) has been used. Fquations
{146) (150) indicate that such s-cicctron binding energy splittings should
yield a doublet with a more iniense component at lower hinding cnergy
{corresponding to an exchange-favored final state of $/=514}) and a com-
ponent separation that is dircctly associated with both ihe initiad staic spin
and the spatial distributions of the core and valence electrons as refllected in
the exchange intcgral. Thus, the potential for extracting certain types of
useful and unique information from such splittings exisis,

That Eq. (148) provides a good description ol the systematics of soch
s-level multiplet splittings has been nicely demonstrated in studies of the 45
and 5x splittings in rare-earth metals and compounds with varying outcr 4f
subshell occupation numbers and spins 5,278, 259 ag summarized n ig. 32

A[Eb(ns}l (eV)

(oI FVRE N & I« ) BRI « S o)

T

Elements

F:g,‘ 32. Experimental (points) and theoretical (Jines) 4+ and Ss hinding encrgy splillings
in various rarc-carth jons, The AFvy values arc caleulated vsing Van Vieck's Theorem
{Fq. (148)}. ¥xperiment and theory arc in excellent agreesnent fur S5, but the theoretical
splittings must be reduced by a Factor of 0-55 10 agree with the 45 data beeause of corre-
lation eflects. {I'rom Mclecly ef al., vefl. 259)
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The solid lines connect calculated values based wpon Eq. (148) and are in
excellent agreement with experiment for the 55 splittings, whercas for the 4s
splittings, this simple theory must be reduced by a lactor of ~0-55 to agree
with caperiment, These resulls also suggest that the 4r discrepancy may be
duc to the same type of correlation correction involved in Mnls, as the
4s-4f spatial overlap is high, increasing correfation, whercas the 55-4f
overlap is much lower, decreasing it.

Conliguration interaction calculations on Mn3' by Bagus er al.252 first
provided a more quantitative understanding of such correlation corrections Lo
intrashell s-level splittings such as 3s-3d and 45-4f. They pointed out that, in
a CI description of the true Mn?' final slates corresponding 1o 3s emission,
several conligurations would be of special importance in addition to the
usual one-clectron-transition final configuration as shown in the leit half
of Fig. 30. {In writing such configurations below, numbers in parentheses
will denate the L, § coupling of the subshell to the lelt.) The S final state is
found to be composed almost completely of 351(25)3p%(' 5)34%(%S), the one-
electron configuration, and so is not much perturbed by CL. Another way of
saying this is that there is already strong cxchange correlation in 75, so that
the addition of CI is not so significant. The 55 final state is by contrast
expected 1o have significant contributions from notl only the onc-electron
configuration M4(55) = 3s1(25)3p%1 $)3d5(85), but also from configurations in
which it formatly appears that one 3p electron has been transferred down (o a
35 orbital while another 3p electron has been transferred up to a 3d orbital:
Pa(55) = I LSNP PYIAHOPy), Da(3S) = s SPIpA PN P2) and dny(55) =
ISP A DY (The notalions 3d%3P1) and 3d%Py) stand for two
independent ways in which 3d® can couple 1o 3P.) Thus, there will be at least
a lourfold manifold of 55 states, and the lowest-energy member is expected lo
be lowered significantly (that is, o move toward 75). In fact, the 55 stale
nearcest 1.5 is found to be only 4-7T1 eV away, in much better agreement with
the experimental sphtting for MnFy of 6-5 eV than the estimate of ~ 3¢V
obtamed from Fq. (138). Such intrashell s-level multiplet splittings can thus
only be predicted accurately when correlation is allowed for, whercas
intershell s-level splittings are, by contrast, well predicied by Eq. (148).
A turther sipnificant effect predicted by these Cl calculations for the M3 5§
stiles is the existence of additional experimental fine structure, Speciiically,
there are four 55 states at £y, Fz, Ea, and Ey, that can be written to a good
approximation as

(05 = Cri(58) + Crahe(5.5) + Cratha(35) + Ciahs(3S)
WA S) = Captn(55) 4 Caabo(35) + CaaPa(3S) + Coat?(7S)
Wa(t8) = CaP(85) + Caala(35) | Canla(35)  Crptba(>S)
Ta?8) - Ca™i(5S) + CaagP2(35) 1 CoaPa(55) + CagPa(55)

(151)
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As the initial state is rather well described by a single conliguration
352 I) M1 5)3d3(5S) possessing the d-clectron coupling of #y, the swlden
approximation resubt of I:q. (84) can immediately he uscd to show that the
four 55 intcnsities will be given by

hoe |[Cuf2, ha|Ca| ho|Cu|t ho |[Cy|? (152)

with the total intensity Jo+ J2+ fa+ Iy still being proportional 1o the spin
degeneracy of 5. Evaluating the encrgies and relative intensities in this way
yiclds a prediction of a total of only rhree observable 55 peaks (one is oo
weak to be secn easily) and one observable 25 peak in the Mo2' spectrum.
Weak structures in good agreement with these predictions have, in fact,
been observed by Kowiilezyk or al.,2% and their experimental resulls are
shown in Fig. 33. These Cl calculations also explain a peak intensity dis-
crepancy noted relative to simple multiplet theory: namely that the intensily
ratio 35(1)/75 in Fig. 31 or Fig. 33 is significantly below the 5/7 predicted by

28 ' T v T
Mn 33 .
in MnF,
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Fig. 3. Higher resolution Mn3s spectrum from MnF2 obtnined with monochromatized
AlKa radiation (cf. Fig. 31). The peaks %5(2) and *S(3) arisc from final-state configuration
interaction (correlation cffects) according 10 Uq. ([5¢). {From Kowalcryk ¢t al, 1ef. 251
Eq. (146). It is thus clear, that, although a first-order description of multiplet
effects is possible withia a non-correlated Hartree-Fock approach, a detailed
description of the numbers, posilions, and relative intensitics of peaks nny
require including correlation effects, especially where intrashell interactions
dominate,

The first observations of s-electron core binding encrgy splittings analogous
to those described by ELqs (146) (150) were in gaSCOUS,  paramagnetic
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Vig. 3. XIS spectra from the s core electrons of the gaseous molecules Ng, NO, and
0, The 15 peaks from the paramagnetic molecules NO and O, are split due to final-stalc
multiplets. Dismagnetic Nz shows no splitting. (From Siegbahn er af., ref. 4.)

molecules.t- 249 ledman ef al. 2% found splittings as large as 1-5¢V in the
15 photaclectron spectra of the molecules NO and Q. These resulls are shown
in Fig. 34 along with an unsplit 1s spectrum from the diamagnctic molecule
Na. In each case, it can be shown that the observed energy splitting should
he proportional to an exchange integral bciween the unfitied valence
molecular orbitat and the 15 orbital of N or 0,1 in analogy with Eq. (148).
Theoretical estimates of these splittings from molecular orhital calculations
give vatlues in good agreement with experiment,® 197 as expecled for such
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intershell interactions in which correlation effects are iuch decreased. Fhe
obscrved intensily ralios of the peaks are furthermore very close to the ratios
of the final-state degeneracies, also in agreement with simple theory.

The analysis of binding encrgy splittings in cmission frem non-s core levels
is not as straightforward as for s-level emission, primarily due to the fact that
the core-electron hote represented by (1)1 1 (which now has assoviated with il
spin of § and a non-zero orbital angular momentum of 1y can couple v various
ways with the valence subshelt (#7/)7 (which can have various spins §7 and
orbital angular momenta L, including the initial values .S and L} to Torm i
final state with a given total spin S7 and total orbital angular momentum
Lf. Thus. the number of allowed final states increases and their cnergy
separations will in general be determined by both Coulomb and exchange
integrals through different coupling schemes. Additionaf complexitics arising
for non-s levels arc caused by spin-orbit coupling and crystal-licld splittings.

The simplest procedure for calculating such non-s energy scparations is
again to use non-relativistic atomic multiplcl theory 6. 25 262 263 As an
itlustrative example, consider 3p electron emission from Ma2' | as indicated
in the right-hand portion of Fig. 30. Tor this casc, {(nfye-} - dpd, (a'l)P = Jd?
and the initial state. as before, 15 8S{(S=1, L=0). The previously slated
selection rules imply that the allowed final states correspomd 10 7745 -3
L=1)and 5P (S=2, L=1). Although a 3§ (5 =2, L=0) linal staic would be,
consislent with selection rule (141), it requires changing the coupling of
3d% from its initial 55 and so is not allowed. There is only one way for Ip* to
couple with 3d5 to form a 7P siate, that being with 3p% (always coupled to
total spin=s=14 and total orbital angular momentiim =/—1) coupled with
3d% in its initial state coupling of 5 (5= 3, L =0). However, there are (hree
ways (o form the allowed 3/ final state by coupling

IpS(s=L,I=1) with 3d% "5(§"=43,1L"--0)
Ipe=4,1=1) with 3d59D(85 =3, L"~2)
and
Ipi(e=4,I=1) with 3d54P(S"=3 L =1)
Thus, four distinct inal states are possible for 3p emission from Mn?', onc
7P and three 3P. As there are off-dingonal matrix elements of the Hamiltonian
between the various 3 coupling schemes, '8 they do not imdividually repre-
sent eigenfunctions. The eigenfunctions describing the 5 final states will thus
be linear combinations of the three schemes:
Wy (P) = Cy(S) + Crab(AD) | Crahi(*P)
W (3P) = Ca®(8) 1 Coatb(AD) + Copb(1P) (15h)
W a(3P) = Coy'™OS) + Cag (D)4 Canth(' )



108 C. 5. FADLEY

where cach 5P conliguration has been labelled by the 345 coupling involved
and the Cy's are the usual expansion coefficients. The energy eigenvalues
corresponding 1o these cigenfunctions will give the separalions between the
5P stales. Such cigenfunctions and eigenvalues can most easily be determined
by diagonalizing the 3 x 3 Hamiltonian matrix Tor the 5P states, where each
matrix element is expressed as some linear combination of Jaq, a4, Kad, a4,
Jap.aa, and Kap_ 34.3% V'8 If Coulomb and exchange integrals from a Hartree-
Fock calcolation on Mn2! are used, such matrix diagonalization calculations
yield the relitive separations indicaled on the right-hand side of Fig. 3088, 20
Once again, the sudden approximation resull of Fq. (84) indicates that,
hecaose the initial siate is rather purely 3d4%*5), only those components of
the P states represented by Ca®(55) are accessible. Thus, the individual
intensities of I, Iz, and W3 can be computed from |Cni2, |Cui}? and
{Car{2, respectively. In determining the total intensity ratios for the 5P and
7P states, Fq. (142) can be used to give:

hot(®P) : ha(PP) = [L(PY+ B(*P) + B(SP)] : Lal(TP)=5 17

The relative peak heights in Fip. 30 have been calculated in this way, and the
experimental 3s(1)-3p(1) separation and rclative intensity for MnFy were used
to cmipirically fix the scales between the 3s and 3p regions. The separations
and retative intensities of the peaks observed are found to be at least semi-
gquantitatively predicted by this simple, atomic L, S coupling model #. 250
and these resuls have been confirmed in more detail by laler experimental?s$
and theoreticat?™® studies. The remaining discrepancics between theory and
experiment for this 3p case could be caused by a combination of cflects due
to correlation, spin- orbit coupling, and crystal-fictd splitting, although
calculations by Gupta and Sen25% indicate that the latter two are probably not
so significant. Ckstig er al2% have carricd oul matrix diagonalization
caleulations like those described here bul for more complex sets of final
Ap-hole stales in 3d transition netal aloms in an attempt Lo interpret soft
x-rity cmission spectra from solids. The theoretical aspects of calculating
such non-s splittings have also recently been reviewed by Freeman ef al 2%

Deeper non-s core levels in 3d atoms should also exhibit similar splittings,
althongh the magnitudes will be reduced becausce of the decreased interaction
strenpihs between the core and 34 orbitals. For example, Fadley and Shirley®?
fiest noted that the Mn2p levels in MnT'z are broadened by ~ 1.5 eV relative
to those in low-spin (filled subshell) compounds, and suggested multiplet
splitlings as the origin ol this broadening. Subscquent measurements al
higher resolution hy Kowalczyk e ol 2% coupled with theoretical calculations
by Gupta and Sen 257 have confirmed this supgestion, and also verified the
existence of peak asymmeltrics and anomalous 2p, -2p, separations. For this
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2p case, both mulliplet effects and spin orbit coupling arc of similar
magnilude, and were included in calculations that successfully predicied
the observed spectra 257

Analogous non-s corc-level splittings have also been studied in systems
with partially-filled f subshells . 260 288 and the anomalous shape and
decreased spin- orbil sphiting in the Cudd spectrum of lig. 6 is, in fact,
attributable to such effects,?®

Although only multiplet effects on corc-level binding energics have
becen considered up to this point, such phenomena con play a considerable
role in determining the fine structure observed in valence spectra (as has
been apparent for some lime in UPS studies of free molecules??). In
particular, XPS valence specira obtained from solids containing highly
localized d levels or f levels are expected Lo be influenced by such multiplct
elTects, k2. 158, 157, 268%, 208, 207 with he relalive intensities of various allowed
final states being determined by lractional parentage coeflicients, as described
in Scction 111.1).2 and elscwhere.!5%. 157. 262 Heden er ol 297 first observed
such cflects in valence spectra of 4f metals. As an example of the occurrence
and use of such splittings in studies of rare-earth compounds, the XPS
results of Campagna cf al.?*! and Chazalviel er a/.2% show strong mulliplet
splittings in the valence spectra of Sm-chalcogenides and a mixture of two
markedly different multiplet structures in certain Sm compounds that are
thaught 1o cxhibit valence fuctuations between Sm'* 47 and Sm2 474,
Some of these results for SmBg2% are presented in Fig. 35, in which (he 1.. S
multiplets expected for both Sm'2 and Sm'? are labelled. Theoretical
intensities have hecn calculated using [ractional parentage coeflicients, !
and the agreement between the theoretically simulated spectrum and experi-
ment is excellent. Baer?™ has also presented very high-resolution XPS
spectra for various 4/ metals that lurther confirm the existence of these atomic-
like multiplet effects. In analogous multiplet effects in valence o orbitals, the
inclusion of crystal-field effects is also expected to be important, as has been
emphasized in a recent discussion by Bagus er af V57

In comparison to chemical shifts of core-clectron binding encrgies, multi-
plet splittings of core- or valence-energies thus represent higher-order eflcets
yielding a different type of information. In their simplest interpretation,
chemical shift measurcments detcct a change in the spatially-averaged
potential experienced by an electron, whercas analyses of multiplet cffects
have the capability of determining the valence clectron configuration or the
dctailed strengths of various higher-order electronic interactions. The two
types of measurements are thus complementary. Numerous applications of
multiplet splitlings measurements arc thus possible in the study of the transi-

tron series metals, the rare carths, the transuranium clements, and open-shell
systems in general,

5
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Vip. 'H Txperimental and theoretical 4f valence spectra from Smfls, a “*mixed-valence®
metallic campound believed 1o contain both Sin'24f* and Sm*? 45 The intensities of the
various final-state. multiplets for Sm*'2 ~Sm'® and Sm'3-Sm** were computed using
fractional parentage cocllicients and arc indicated as vertical bars, These calculations were
hroadened by an empiricatly-derived function of the form of 1:q. (158) to generate the final
theorctical curve. Monochromatized AlKa was used for excitation. (From Chazatviel
et al., ref. 260.)

D. Multi-electron Excitations

V. Buroduction. In this section, scveral types of final-state effects {and, to a
fesser degree, initial-state effects) that involve what appear to be “multi-
clectron™ excitations during the photoemission process are considered. The
term multi-clectron is judged against a purely one-electron description in
which no final-state relaxation occurs. From the owtset, it is clear that relaxa-
tion does occur, so that all transitions are indeed N-eleclron. Also, in a
configuration interaction picture, the various mixtures of initial- and final-
sfate conligurations involved could easily make itimpossiblc to distinguish
clearly a one-clectron component of photoemission. Nonetheless, all effects
discussed here do somehow represent final states that deviate in a well-defincd

X-RAY PHOTOELECIRON SPECTROSCOPY 1

way (rom the single initial-state Hartrce Fock determinant that hest approxi-

mates the one-clectron photoemission event. The discussion begins with
relatively simple forms of multi-electron excitation (shake-up and shake-ofl),
bul then comes to involve more complex phenomena that arc impoertant in
XPS studies of certain atoms, molecules, and solids.

2. Shake-up, Shake-off, and Related Corrclation Effects. Multi-clectron
processes in connection with x-ray pholoemission were first studicd in detail
by Carlson, Krause. and co-workers.'? In these studies, pascous ncon and
argon were exposed (o x-rays wilh cnergies in a rapge from 270 eV to |5 keV.
Measurements were then made of both the charge distribntions of the resulting
ions and the kinetic cnergy distributions of the ejected photoclectrons. Trom
these measurements, it was concluded thal two-electron and cven three-
electron transitions occur in photo-absorption, with total probabilities which
may be as high as 207, for each absorbed photon. By far the most likely
multi-clectron process is a two-clectron transition, which is approximately
ten times more probable than a three-electron transition. Two t1ypes ol two-
electron transitions can further be distinguished, depending upon whether the
second clectron is exciled to a higher bound state (“shakc-up™) or (o an
unbound continuum state (*‘shake-off"*13%), These are incicated in the transi-
tion below (cl. the corresponding one-elcctron transition in rclation Fq.
(139)):

Shake-up:

()’ 1"yr - _'f"_,, (r)2-Yn'I')P- Y(n" 1) 4 photoclectron (154)
{I. St {5, 5N

Shake-off:

(nh)yon'i")> . Y- Yn'I}P-Y Ega"I"D + photoelectron (15%)
Here (n'l')? represents some outer subshell from which the second clectron s
excited; it can bhe filled or partially filled. Either shake-up or shake-olf
requires energy that will lower the kinetic encrgy of the primary photoclectron.
Thus, such multi-electron processes lead to satellite structure on the low-
kinctic encrgy side of the one-clectron pholoelectron peak, as shown
schemaltically in Fig. 8.

Higher resolution XPS spectra have been obtained more recently for neon
and helium by Carlson er al2%* and for ncon by Sieghahn er af 1. 270 A
high-resolution Nels spectrum obtained by Gelius ef af 2 is shown in Fig. 36
The two-clectron transitions that arc belicved to be responsible for the
ohscrved spectral features lahelled 2 to 14 occurring at relative encrgies from
33 to 97 ¢V below the onc-clectron peak are listed in Table H. The total two-
clectron shake-up intensity in this spectrum is thus estimated to be approxi-
malely 127 of that of the one-electron peak. Both shake-up and shake-oll
together account for ~ 0%, of all emission events.
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fig. 36, High-resollion shake-up spectrum associated with excitation from MNels in
gascaus ncan. Table H ksts the origins of the various satcllite peaks labelled 1-14. Thc
Nels FWIHM was reduced to 0-4 ¢V in these measurements by using a monochromatized
AlK.a source. (From Gelius, 1ef. 270.)
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Note that the initial and final states given in Table 11 are assumed to be
composcd of a single clectronic configuration, This assumption, together
with the sudden approximation as outlined in Section Hi.D.1, permils
predicting such shakc-up and shake-off peak intensilics in a very straight-
forward way.'® Namely, [:q. (75) is used for the relevant matrix clement and
it is noted that, in the passive-clectron manifold, the only major change
occurring for a two-clectron transition is ¢n - -> da-r-, with all other passive
orbitals remaining in very nearly the same form, Thus, (¢’ |#s> = 1'0 unless
the overlap involved is (da-1- |$ae'>. and the probability of a given transition
is in simplest approximation?s?

Putr ont- % Nt} Rner | Rm |2 (156)
where Nn-p is the occupation number of the n'l’ subshell, and allows for a

summaiion on srenn,e (which must equal my-my-). Here the radial Tunction
Rn-1- must he calcukated in the final-state ionic potential, and Ra-i-isa radial

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

will only be non-zero if I"=1", a result that is often termcd a one-electron
monapole sclection rule. Thus, for example, only 25 —ns and 2p — np
menopole transitions yicld large intensities as quoted in Table 11 (although a
single, weak 2p - 35 dipole (ransition is also thought to be present). The
1otal symmetrics for the (N — 1) passive electrons are also predicled to follow a
monopole rule of the form predicted by Eq. (69)

AL=AL—~AS-AMy =AM =AMs=An=0 (i57)

where J is the quantam number for L+ 8, apd = is the overall state parity.

X-RAY PHOTOELEC TRON SPECTROSCOPY LS

Equation (156) has been used with reasonable success in predicting
shake-up and shake-ofT intensilics in corc-level cmission from  rare
gases 4. 135, 268. 270271 55 well as from alkali-halides??! for which the com-
ponent ions possess rarc-gas configurations. Somce previous results for Nels
emission are summarized in Fable H, where calculated two-clectron peak
separations and rclalive intensities are compared with experiment. The
various final-state configurations are noted and for this case the I"g(N - 1)
of Eq. (69) corresponds 1o an unrelaxed Net 152522p% with an overall 1. S
coupling of 25. There is reasonahlc agrcement beiween theoretical and
experimental separations. but the theoretical values are uniformly high by
about 1-8 eV out of 40eV, and have been back-corrected by this amount
before entry in the table.2?® The necessily for this correction has been
explained as a 2p-2p correlation and relativistic crror in the Hartree Fock
calculation for the one-electron 2p® final state that is of much lower magnitude
in the various 2pSnp two-electron final states because of the reduced 2p np
overlap. Theoretical and experimental relative intensities are also in fair
agreement, It should also be noted in connection with these datn that the
various L, S mulliplets formed as final states must be considered. For
cxample, the peaks indicaled as “lower’ and “upper™ in Table H are due
to a multiplet splitting of the same (ype noted on the right-hand side of
Fig. 30 for the 5P states of Mnd', In the case of Nc', 25 states can be formed
in two ways from Lthe same total configuration 152522p3np: onc in which the
15 electron is coupled with 2s*2p5p(15) and onc in which it is coupled with
2e22p%np(28).4- '3 A similar elfecl occurs in 152:2p*ns final stales. Thus,
there may be considerable interaction between multi-clectron processes and
multiplet splittings, and a complcte specification of the final siate must
include possible multiplet effects.

The assumption of single-configuration final states uscd in the previous
analysis clearly is apen to question, especially since the bhest description of
all states would presumbly be via a complete configuration-iniceaction
treatment. Martin and Shirley'? have performed Cl calculations for Ne and
the isoelectronic molecule HF that do indeed indicate that configuration-
interaction effects can be significant. Their analysis proceeds via an equation
analogous to Eqg. (83), from which it is clear that both final-state C1 and
initizl-state CI can complicate the calcutation of intensitics by apening up new
options lor non-zero (Cyf)* Cyf products. In particular, the nxing of hoth the
1522522p% and 15¢2522p53p configurations into the initial state and the final
states corresponding to the ohserved peaks 0, 3, and 4 is found to significandy
alter the calculated intensities so as 1o yicld better agreement with experiment,
as shown in Table 11,

It should also be noted that the total shake-up intensities associated with
valence-fevel emission are generally observed 1o be higher than predicted by
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the simple theory outlined above, a result thalt is consistent with much sironger
intrashell correlation efTects. 135 289 For example, Chang and Poe??2 have
recently performed theoretical calculations for Ne2p excitation at Ay <200 eV
using more accurate many-body perturbation thecory. Their resulls are in
good apgrecment with available experimental data.

Swmilar core-level shake-up phenomena are also well known in mole-
cules?. 269.270 and the same type of sudden approximation analysis as
represented by Eqs (69) to (74) has been used with somc success to predict
intensities.273. 271 In connection with valence-level emission a recent Cl
analysis of low-encrgy satellite structure in CO by Bagus and Viniikka2?s
indicates that higher-order correfation effects are also highly significant, in
agreecment with the simitar conclusions reached previously for atomic
valence-level shake-up.

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

cos [raf2 (1 —a) tan-1 (Efy)]
(B,{.yz)ll—allz

I(E)= {158)

where

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

y =the lifetime of the core hole
e =an asymmelry parameler

=2 Y 2+ 1(8:fn)? (159)

Sy=the phase shift of the /th partial wave for clectrons al the Fermi
cnergy scattering from the core hole.

2y is thus the natural FWIIM of the corc-level. If « =0 (as it is Tor insulalors),
then /(F)Y merely reduces to a Lorentzian lifetime broadening. The phase shift
& thus has a meaning very close 1o those discussed in connection with atomic
dilferential cross-sections in Section NLD.2 (cf, Fig. 9).
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Citrin2?7 first pointed out that XPS meial speciral shapes exhibilcd an
asymmetry suggestive of Eq. (158). The first quantitative 1ests of the applica.
bility of this line shape for describing such spectra were performed by
Hiifner, Wertheim and co-workers.™ They litted Fq. (158} 1o core spectra for
various simple metals and transition metals, empinically choosing the best
values of y and «. The spectra were corrected for instruimcental resolution
effects, but nol Tor inelastic scattering. Examples of such a comparison
between theory and experiment for Au and M™ are shown i the right-hand
pancls of Fig. 37. ILis signilicant here that Au with a low density of stales near
the FFermi tevel shows a much fower degree of asymmetry than Pt with a high
density of states near the Fermi level. Hiifner, Wertheim e7al %1 concluded that
this line shape does well describe the peaks obscrved in these metals, and that
the values of y and « oblained were physically reasonable. Similar conclusions
have becn reached in several other studies, 5. %1 and it thus seems hikely that
such shakc-up-like cflects do exert a significant influence on line shapes in
melals.

A further closely-related efTect that has been predicted to occur in melals
is the creation of plasmon excitations during the formation of a core
hole. 184 278 Such “intrinsic™ plasmons are distinguished from the “extrinsic”
plasmons created during photoelectron escape from the material, alihough
they occur al the same encrgy and are thus rather difficull 10 resolve from
the experimental inelastic tail. Debate still continues as to how important
intrinsic plasmons are in XPS spectra,2?® and some angular-resolved XI'S
results bearing on this question are discussed in Scction V1.1

4, Core-peak Satellites in Transition-metal and Rare-carth Compounds. Very
stroﬁg low-kinetic-energy satellite lincs were first observed in a study of
Cu2p core levels in compounds such as CuS and CuzO by Novakov?®o
Similar results obtained more recently by Frost ef al 28! are shown in I'ig. 38,
and it is clear that the satellite peaks have intensitics comparable to those
of what might be referred to as the one-electron-transition peaks at lowest
apparent binding energy. The appearances of these satellites also depend
strongly on chemical state, being most intense in cupric compoumls
conltaining Cu'? 34® ions, and almost unobservable in cupric compounds
conlaining Cu*! 34 jons. Similar strong satcliites also occur in the
core spectra of other open-shell transition-metal and rarc-earth com-
pounds,!14.282-288 They arc thus much higher in relative intensity than the
10-30%7 expecied from typical atomic-like shake-up processes, and a great
deal of discussion has gone on concerning their origins. Summaries of
experimental data, as well as analyses of various proposed maodels, appear
tn several prior publications, 114, 280-284

The most plausible explanation (hat has emerged for such cffects is a
significant involvement in the final state of a ligand-to-metal charge transfer
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Fig. 37. 4f cose spectra lrom polycrystalline Au and Pt (points) in comparison to a best
fit of the asymmetric linc shape predicled by Fq. (158) (curves). En the right pancls, the
data have heen correcled by deconvolution of the instrumental line shape, but no correction
for inclastic scatiering ¢ffects has been made. The instrumental Jine shape was derived from
the form of the cot-ofl near £¢ (cf. Fig. 13). (From Hiifner and Wertheim, rel. 84))

that results in a 3d or 4f configuration with one more d or f electron than in
the initiad state 114, 282, 283, 285, 288 Thjs jdea was first suggested and qualitatively
discussed by Wertheim ef al 111 for satellites in 4f compounds and by Kim?283
for 3d satellites. The importance of such 3d” —» 3d"'! and 4" —» 4fnt1
conligurations is nol surprising, since they represent an attempl to screen
very clfectively the core hole formed during final-state relaxation, In fact,
there is a high degree of similarity belween such final-stale configurations
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Fig. 38. 2p4, V and 3s, 3p core-level spectra from the copper compounds Cu(), Cugf),
CuClz, and CuCl. The low-encrgy saiclliles are very strong in Cu’ 2 3" compounds (Cul),
CuCl2), and very weak in Cu'! 3d'" compounds (Cuz0, CuChH. (From Trost eof ol , vel.
281)

and those used by Ley er al.23% to describe conduction-clectron screening in
melals {cl. Fig. 29 and discussion in Scction V.DB). The absence of satellites
for closed-shell o or f systems is immediately explained in this picture, as
such relaxation mechanisms are not possible. The most quantitative dis-
cussions ol this model as applied to dd-compound satellites have been
presented by larsson?® and Asada and Sugano.?®® A two-conliguration
manilold is uscd to describe the final-state core-hole wave Tunctions, with
one configuration B, being the simplest final-state determinant with no
change in valence-subshell occupations and the other @ being a determinant
in which a singlc-cleciron ligand-to-metat transfer has occurred. Specifically,
in an oclahedrally-coordinated system, the transfer is ascribed to a monopole-
allowed cxcitation of the (type:2h3. 285. 208 o (honding) = e - celanti-
bonding) =eg". Both orbitals are expressed as linear combinations of metal
d and ligand valence, with eg* being primarily metal 3d. The crystal-field-
split octahedral symmetry designations are used, and the sudden approxi-
malion one-clectron monopole selection rule must here be applied to these

symmetries. 1T only the active orbitals are considered, the two linal-stale
configurations can thus be written s ;298

¥y =(core hole) {e")(c")™

@3 =(core hole) (eg")" ety ! (160}



120 C. S. FADLEY

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

T =Cnt+ Cratbe at E/
Wol = Coytby + Coay  at  Eyf (161}

The “main line occurs at fower E7 and thus higher kinctic encrgy and lower
binding energy. I 74/ is chosen 1o represent this main line, it is found to
correspond to a net transfer of 205 clectrons Lo the melal site 110 285
‘Thus, hole screeming is predicled (o be very appreciable as far as this state
is concerned, and the mixing represented by 1ig. (161) is highly significant,
Il the degree of one-electron-orbital relaxation is small. then ¥y is approxi-
mately equal to the (N - I)-electron remainder '1"p(N —1) in Eq. (69), and
the sudden approximation yields peak intensities via Eq. (84) of

ho [Cyl?, ko |Cnl? (162)

Additional splittings due Lo crystal-field eflects, multiplet efTects, and spin-
orhit interactions ciuse further fine structure in the predicted energies, and
onc-clectron orbital refaxation has furthermore been included by means of
the equivalent-core approximation.?® With a limited degree of empirical
paramecter choice, numerical resulls based upon this model are in good
aprcement with experimental satellite data for 3d compounds as (o intensities,
widths, positions, and systemalic trends with ligand character and J-orbital
occupitions 2. 286 Finally, it is importanl to note that Viniitkka and
Bagus''® have carricd oul more accurale sell-consistent Harlree-Fock
calculations with configuration interaction on lully-relaxed core-hole states
in the clusier [NiQOg] 1. These results also show that a significant ligand-to-
metal charge transfer of ~0-5 clectrons is present in the state representing
the main hnc. It is also concluded that the two primary final states contain
significant admixtures of both configurations (Ci =09, Ci220-3, Cyy =03,
(‘222‘:()'9).

The oceonrrence of such two-configuration charge-transfer satellites has
also been sugpested in connection with the adsorption of CO on transition-
metal surfaces. 7 In this case, satellites observed in the Ols spectrum are
attributed to the sirong involvement of a metal-to-molecule charge transfer
(that is, the reverse of the direction discussed previously),

Thus, such satellites and the charge-transfer they represent can be
extremely important considerations in the analysis of spectra in many
systems. The term “shake-up™ has been applied 1o these elfects, 283, 285, ZRs
but such nomenclature can be a bit misleading in the sense thal the final
stales are nol pure conligurations that arce as simply related to the initial
state as for the neon case of Tahte 1. The most correct view would seem to be
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simply that a strong configuration interaction occurs in the final state due to
relaxation about the inner hole.

It is finally worth noting that the presence or absence of such satellites
has potential for use in a ““fingerprint™ mode for delermining the oxidation
state andjor valence configuridion of 3d or 4f atoms in dilferent chemical
cnvironments,

5. Other Multi-electron Effects. As a linal example of multi-electron cfects,
we consider the observation first made by Gelius2? (hat, lor a scrics of
clements with Z=50-60, the 4p binding encrgy broadens into a many-
electron resonance with complex structure, as shown in Iater data obtuned by
Kowalczyk of al21% in Fig. 39. This rather unique occurrence has been
observed in both gases?™ and solids,2'5 and has becn explained by Wendin
ot al 2R 380 a5 being caused by the particular onc-cleciron energy-level
spacings involved. Specifically, the single-configuration final-state after 4
emission is ... 4p54d1"5+2 | with the remaining outer occupancics depending
upon Z. However, the 4d binding encrgy is approximately 4 that of 4p in this
region of the periodic table, so that one 4¢f electron can be moved into the
lower-energy 4p orbital and another 4d electron can be placed in a low-
encrgy unoccupicd bound orbital or continuum orbital 1o yield a sct of
configurationslike ... 4p"4d®5s2  (n"I") or . 4p™d®552 . (™) respectively
that arc nearly degenerate with the one-clectron final-state conliguralion.
Strong mixing thus occurs among these configurations, with a resultant
smearing of the finat states into a broad resonance with fine structure. The
mixing in of continnum configurations can also be considered 1o result from
a Coster-Kronig Auger de-excitation of the 4p hole via 44 »dp, 44 -
continuum, The form of the interactions further dictates that orbitals with
I"=2 are dominant.2*. 282 (Note the similarity between the configuration:!
degeneracy discussed here and that noted by Bagus er af.252 in their analysis
of 3s emission from Mn2!, cf. Section V.C). It is thus rather fortunate thit
such resonances are rare phcnomena throughout the periodic table, as one-
electron energy levels would otherwise be a much less useful cancept.

E. Vibrational Effects

The effects of exciting various final vibrational states on XPS spectra were
first clearly obscrved in gas-phase data obtained with monochromatized
radiation by Gelius and co-workers.2™ A ClLs spectrum obtained from gascous
CH, is shown in Fig. 40, and it exhibits a three-component structure that
can be explained as arising from the excitation of three dilferent vibrational
states of the symmetric C H stretch type 27 The relative intensities and
posiHions of these peaks are furthermore found to be in good agreement with
a theoretical madel based upon the Born. Oppenheimer approximation as
expressed in Eq. (63), provided that it is noled that the Cls hole alters

e
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Fig. 39. 4s, 4p core-level spectra for a series of metals from Mo (Z=42) to Ta(Z=

Note the broad 4p resonance that exists from Zx 49 w Zz60. (From Shirley 1 af., ref.
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vibrational energics and wave functions appreciably in the final state. Similar
vibrational effects appear lo be present in other small molecules, and it is
thus clear that XPS peak widths and positions can be significantly affected
by final-statc vibrational excitations.

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

CH,
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Fig. 40. A Cls spectrum from gaseous Cli4 obtained with very high instrumental resolo-
tion (FWIIM x0-3 ¢V). The lowest-binding-energy primary peak shown here is Tound 10

exhibil three components due 1o vibrational excitations in the final state. (I'tom Gelius,
ref. 270}

vibrations (phonons) during photoemission as shown in Fig. 41. A solid-state
analysis based upon the Born-Oppenhcimer approximation and Franck
Condon factors yields the proper variation with temperature, provided (hat
the effects of specimen charging due to low conductivities at low tem-
peratures are corrected for, as shown in the figure. Such cllfects are thus
expected to be important in all polar solids for which clectronic refaxation
around the core hole cannot be camplete citough to leave final vibrariona)
stales of very nearly the same form as the initial vibrational states. In metals,
on the other hand, conduction clectron SCreetting is expected 10 be complele
cnough to leave the initial- and final-vibrational manifolds nearly identical.
Thus, in metals the distribution of phonon excitation probabilities or Tranck
Condon envelope is sharply peaked around the initial states (as can be scen by
considering Eq. (63) for a single set of orthonormat functions); therclore, very
litde extra broadening is expected.
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Vig. 41. Variastion of the K2p; FWHM with temperature in solid KF, KCI, and K1.
thccurves @ @ arcthe unaltered experimental data. The curves — () —()-— have been
conrected for lifctime and instrumental width contributions. The dotlted curves represent
further corrections for specimen charging that occurred in KF and K1 at low temperatures.
The solid curves arc theorctical calculations based upon final-state vibrational broadening.
(lrom Citrin of af., ref. 85)

VIi. ANGULAR-RESOLVED MEASUREMENTS ON SOLIDS

A. Introduction

Angular-resolved XPS studies of solids have very recently been reviewed
by the author,'7 so only a briel outline ol the most significant aspects and
certain very new results will be presented herc. The most generally occurring
types ol cllects arc those involving surface sensitivity enhancement lor
grazing angles of clectron exit or x-ray incidence with respect to the surface
and two types of anisotropics obscrved in the angular distributions of
photoclectron itensities from single-crystal specimens.

The schematic geometry shown in Fig. 42 both reiterates the definitions of
various angles as discussed previously here (¢f. Figs 7 and 17) and also
indicates that the clectron emission direction can be madc to have any
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Fig. 42, General geometry for an angular-resolved XPS experiment. Rotations on the two
perpendicular axes shown vary 8, ¢, and ¢ over their full allowed ranges. The angle «
also may be varied, but is mast commonly held constant.
orientation with respect to a set of axes fixed in the specimen if externally-
accuated rotation is possible on the two perpendicular axes shown. Rotation
on the axis perpendicular to the plane containing the photon and clectron
propagation directions varies the angles # and 4, describing clectron exit and
x-ray incidence, respectivety. Rotation about the second axis praralicl
to the specimen surface normal varies the azimuthal angle 4 as measured with
respect Lo a spechmen-fixed reference. Low ¢ or low ¢, thos corresponds to
a grazing condition. The angle a is held fixed in most current XPS systems,
Two‘-axis specimen goniometers for this purpose have been specially built for
use in XPS studies, and various instrumental aspects of carrying oul such
measurements have been reviewed elsewhere, 17, 71, 202, 280

B. Surface Scasitivity Fnhancement at Grazing Electron Exit Angles

The achievement of greater relative surface sensitivity al conditions of
Brazing clectron exit angles has alrcady been discussed in connection with the

{3
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f-dependent relationships describing peak intensitics in Section HLF.2. The
application of this procedure in XPS was first demonstrated by Fadley and
Bergstriom, 2! and first quantitatively applicd by Fraser es al. 2" As a simplec
illusteation 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. I A, is assumed 1o be a direction-independent property of
the madcrial, this mean depth is given at any angle by A, sin 0, so it is clear
that a decrease of @ from say 907 (o 5" will decrease the mean depth by about
a factor of 6. This is a highly significant change that has by now been used in
numerous studics 1o cnable selectively altering the surface sensitivity of the
XI'S measurement.'?

) _ A sine
e e y/é-

20°* |
A,

7 —r—/qﬂ

5/&,5 Aex BOA

§ig. 41 IHustration of the basic mechanism producing surface sensitivity enhancement
for low clectron exit angles 8. The average depth for no-loss emission as measured per-
pendicular to the surface is given by A, sin 0.

The only significant moderating factor thal may in certain circumstances
render such low-f measurements somewhai less dramatic in capability is the
presence of surface rovghness. Surface roughness in general causes the local
micrascopic true angles of emission 0t to dilfer from the experimental value @
as measured relative to the macroscopic planar average of the specimen
surlace. b general, Tor low @ values, roughness is expecled Lo cause ™ (o
be greater than @, so that surface sensitivity enhancement is expected Lo be
dimineshed 17,202,290 204 Ragohness further has the eflect of shading
certain portions of (he surface from x-ray incidence and/or electron exit.
Such effeets have been studicd hoth experimentally and theorctically for a lew
syslems, V7. 202 200200 2™ 4ad, although it is clear that large-scale roughness
can sigmlicantly alter the type of surface enhancement achicved 2 it has
also heen found for one system that, even with pressced powder pellets of the
type olten used as specimens in XPS, a usefully large surface enhancement
can be achieved at low 629 Thus, although roughness eflects always need
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1o he considered in any quantitative analysis of such XPS data and the
preparation of highly planar specimens is essential for some work 2?1 there
are good reasons Lo expeet very general utility of the low-# surface cnh:mcc‘-
ment procedure, We now consider a few examples of the application of this

method. .
In Fig. 44, hroad-scan spectra are shown at vanous angies for a highly-

polished siticon specimen with an oxide overlayer 12 atomic Luyers m
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Fig. 44. Broad-scan cote spectra at low and high exit angles for a Si specimien with a
thin oxide overlayer ( ~ 4 Ay and an outermost carhon contaminant overlayes approximately
1 2 monolayers in thickness. The Cls and Ols signals are markedly enhanced inrclative
intensity at low 8 due Lo the general effect presented in Tig. 43 (Trom Fadley, el 47}

~

thickness. and an owmlermost overlayer of carbon-contning residual gas
impuritics of approximately the same thickness. (These thicknesses weie
cstimated using Egs such as (117) and (118)) Pronounced peaks due to the
Ols, Cls, Si2s, and Si2p core levels are observed. At the higher emission
angles of 40” and 707, plasmon loss structure is also found to he associated
with the Si peaks (cf. also Fig. 1 for AD, As s lowered 10 a grazing exit
condition, matked changes occur in the relative intensities of all peaks, in
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fact causing a complete inversion in ordering. Al high # where maximum
bulk sensitivity is expected (Aq in Siis ~37 A and A, in SiOgzis ~27 AzM),
the intensity order is Si2s, 23> 015> Cls, where at fow ¢ 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 (o the surface, yiclding very directly a qualitalive concentration
profile. If the Si2p region for this specimen is examined more closely, it is
further found to exhibit a chemical shiflt between oxide and element, as shown
in Iig. 45, However, the thin oxide layer present yields only a very weak
relative infensity in the Si2p (oxide) peak at the relatively high angle of 8= 49",

| BN SR B |
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IFig. 4%. Si2p corc spectra at #=5" and 49° for the specimen of Fig. 44. The chemically-

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

Counts{Arb.units) —

The spectrum oblained at 8= 5" by contrast exhibits marked enhancement by
a factor of ~ 20 in the oxide relative intensity. More quantitative studics of
such relative intensity changes wilth angle have also been made by Hill
et ol 2#1 and, although certain discrepancies are found lo occur al low @
values with respect to the simple intensity expressions given in Section
TH.1:.2, case {c), it nonctheless appears possible to extract highty quantitative
data concerning specimen geometry and electron attenuation lengihs,

An additional cffect that is of interest in connection with the enhanced
surface sensitivity achicvable at low 0 is a change in the relative intensities
ol various inclastic loss processes, For example, for an atomically clean
surface of aluminium (which exhibits well-defined surface- and bulk-plasmon
excitations at dilferent encrgies), it has been found by Baird e7 /.29 that
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the surface plasmon losses are markedly enhanced in relative importance at
low #. Somc data from this study are shown in Fig. 46. The reason for this
enhancement is that the surface- and bulk-plasmons arc spatially ortho-
gonal.'® fecause decreasing the angle of exit also decreases the mean depth
ol emission, Lhe relative probability of cxciting a surlace plasmon is thus alse
increased at low cxit angles. Comparisons of such data with theoretical caleu-
lations for a free electron metal'®™ furthermore yield good agreecment with
experimental relative intensitics and further suggest that the crcation of
plasmons occurs by means of both extrinsic (after excitation) and intrinsic

-
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Fig. 46. A12p plasmon loss spectra from a cfean sarface of polycrystaline aluminium at
#=:90", 30", and 2°. The positions of various combinations of surface and bulk losses are
denoted 1S, IB, cic. Note the marked enhancement of the relative intensity of the surface
plasmon loss (15) fur grazing cxit angles. (From Baird ef af, ref. 295)
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{during excitation} processes.? An additional interesting feature of such
angular-dependent loss measurements is that they can be used to determine
the locations of adsorbed molecules relative to a surface. Specilically, the
Ols loss spectrum for an ~0-2 monolayer coverage of oxygen on aluminium
exhibits only surface plasmon peaks at grazing clectron exit, indicating that
the oxygen has nol penetrated significantly below the surface plane 205, 298
Thus, the angular dependence of such absorbate loss structures should
pravide useful complementary informalion concerning adsorplion geo-
metrics and near-surface electranic structure,

The ground-state valence electronic structure of a solid is also predicted
theorctically to change near its surface,297 and it is of inlerest to determine
whether angle-reselved XPS studies can detect this. One cilect that should
accur in transition melals is a narrowing of the FWHM of the d-bands near
the surface due to reduced coordination number.297 Such clfects have been
studied quantiiatively by Mehta and Fadley?® for the case of clean poly-
crystulline copper surfaces, and the experimentat and theoretical d-band
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l;ig. 47, I'xpcrimcqlnl alml theoretical angudar dependence of the TWIEM of the Culd
valence-band peak. The widih decreases at low # due to o-hand narrowing ncar the surface

;:;')“ m turn cansed by redticed coordination number. (From Mchta and adley, el
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FWHM valucs determined are summarized in Fig. 47. The small, but
unambiguous decreases in FWHM obscrved at low @ arc consistent with the
theorctica! calculations, with theory showing somewhal hirger relative
changes that could casity be explained by several cliects.2®® Thus, such low-#
measurements can also be used to probe altcrations in the ncar-surface
valence clectronic structure.

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

A second mechanism producing cnhanced surface sensilivity  tnvolves
measurements carricd out at very low x-ray incidence anples ¢, For ¢ <17,
it was first noted by Henke!?® that the mean x-ray penctration depth in a
typical XPS experiment (which is 103-10% A for ¢, 17) deercases markedly
o values of the same order as the electron atienuation length A, This
further suggests that surface-atom signals will be enhanced in relative intensily
al low ¢, as was first demonstrated by Mehta and Fadley.t7 The reason for
this decrease in x-ray penetration depth is the onsct of significani relraction
such that $,° €4, (cf. Fig. 17) and reflection at the solid surface. The inter-
actions of typical XPS x-rays with a homogencous medium are furthermore
well described by a macroscopic classical treatment'?* and detailed cx-
pressions for predicling penetration depths and cxpected surface sensivity
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Fig. 48. Angular deponddence of the Cls/Audf intensity ratio for a gold specimen with a
thin carbon-containing overlayer. Lnhancement of the near-suiface carhan signal is fouml
for both grazing clectron exit (low #) and grazing x-ray incidence tUow ¢o). The low-4,
enhancement is well predicted by classical ealeulations allowing Tor x-ray refraction and
reflection (R/R) at the suiface, as shown by the dashed curve. (From Mchta and fadley,

rel. 179.)
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cnhancements in lerms of the materia! optical constants and other parameters
have been presented elsewhere 17. 178,179

As an example of the surface sensitivily enhancement occuring at low ¢,
Fig. 48 shows data obtained from a gold specimen with ~2 atomic layers of
carbon-con{aining material as an overlayer. The Cls/Audf intensity ratio
thus serves as a measure of relative surface sensitivity, and it is observed 10
increase at both low # (for reasons discussed in the last section) and low ¢,
The increase al low 4. is comparable to that at low 8 (approximatcly a factor
of 2 3), and there is good agreement between experiment and theoretical
calculations including relraction and reflection effects. Nole the very sharp
onsct of the low-¢, cnthancement over a region of only a few degrees near
¢~ 0. Stmilar effects have alse been noted in the Si2p(oxide)/Si2p(element)
ratio for silicon with varying oxide overlayer thicknesses.2?® Also, the optical
properlies of several solids at XPS energies of ~ 1-5 keV have been used to
predict that such phenomena should be of very general occurrence.1?

ft should be noted in conncction with low-¢ » studies, howcever, that surface
roughness cffects can be very imporlant in any attempl al quantitatively
analyzing such data.2? This is due 10 the very small incidence angles invalved,
so that if the true microscopic incidence angle ¢,t deviates by even ~0-1°
from the macroscopically measurable ¢, a significant change occurs in the
degree of refraction and reflection, Thus, surface preparation and accurate
angle measurement are hoth very critical. A further practical problem is that
surfirce shading by any roughness present will generally act to much diminish
absolute photaclectron infensitics at low ¢, Thus, low ¢, surface enhance-
ments may serve as a useful complement to those at low 8, but the measure-
ment and interpretation of tow-incidence-angle data may not be as straight-
forward,

D, Single-crystal Effecis

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

1. Electron Channeling and Kikuchi Bands. in measurcments of core peak
intensities or energy-integrated valence-spectral intensities from single-crystal
specimens as a fonction of the emission angles  and 4 in Fig. 42, pronounced
line structure is noted. The first effects of this type were observed by Sieghahn
et al ™ in NaCland by Fadley. and Rergstrém?2?! in Au. Baird er a/.2% have
ohiaimed the most detailed set of such data to date for Audf emission from a
Ay crystal with (001) oricntation and this is summarized in the stereographic
projection intensity contour plol of Fig. 49(a). Considerable fine structure is
evident ain this plot, with many features possessing angufar FWHM values of
only ~5.10" and peak height : background ratios as high as ~2: 1. It is
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thus clear thal no peak intensity analysis involving a single crystal can neglect
such effects.

The origin of this fine structure is primarily electron difftaction from the
various scts of planes in the cryslal. Thesce efTects are furthermore very closcly
rclated 1o the Kikuchi bands scen in low-cnergy cleciron diffraction (LEEIDY)
experiments carried ool with Eyn 2 300 cV,™ as well as 1o channcling
phenomena scen in the emisston of high-cnergy clectrons (~ 101 [0 ¢cV)
from radioaclive nuclei imbedded in single crystals.?? Bascd upon prior
experimental and theoretical studies in these two areas 3. ¢ he quahitative
expeciation 15 for cach sct of plancs denoted by Miller indices (hkf) to have
associated with it a hand of enhanced intensity for photoclectron emission
that is parallel with the planes to within plus or minus the lirst-order Bragg
angle 8,4y, as delined lrom

Ao =2ddhi Sin Dypy (163}

— I —

Fig. 49.' a) Experimental photoclectron intensity contours Tor Andf emission fromm a
An(ﬂt)l) smg_lc-cryslal surface. The contowrs are plotted in slercographic projection with
various low-index directions indicated as [hkf]. The normal (o the sul Lace therelme lics in

the centre o_l' the figure, The arcs represent low-index planes available for election diffiaction
or channelling.

{7
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Fig. 49. (b) Qualitative theoretical simulation of the intensity pattern of (a) hased on
shaded rectangwlar Kikuchi bands of the form given by the dashed line in Fig. 50. The
daticed lines in the lower halfl of the figure represent the centres of weaker, broader banids
from lower-index planes that would also appear at mirror-symmeltry-related points in the
upper half. {(I'eoan Baird ot al., ref, 200.}

wills
A (in A)=electron deBroglie wavelength
= {150/ Exin (in ¢V)]! (164)
dyie = the interplanar spacing

Such Kikuchi bands are furthermore expected to be approximately uniform in
intensity over the 1 Oy range, and to drop ofl rather sharply at the limits of
this range, as shown schematically in Fig. 50. For typical higher-energy XPS
photuclectroms and lower-index metal crystal planes, fayy is found to lie in
the range ¥ 15", The overail photoelectron intensity distribution above a
single-crystal surface is thus expected to be approximalely given by a super-
position of such bands for the various low-index planes within the crystal.
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Fig. 50. The approximate form expected for a Kikuchi band from the (fk{) sct of plancs
in a single crystal.

As a qualitative test of this interpretation, Fig. 49(b} presents a stereo-
graphic projection on which shaded bands corresponding in width and
placement to those expected for the lowest index planes in Au have been
inserted. Dotted lines in the lower hall of the figure also indicate the centers
of broader and weaker bands expected from higher-index planes. Comparison
of Figs 49(a} and 49(b) indicates thal (here is good correspondence between
experiment and theory as to the locations of high-intensity regions and fine
siructure. Recently, more quantitative calcukations For copper have been
carried out by Baird ef a7 in which each band is given a height proportional
Lo the Fourier coeflicient Vaxr in the crystal potential; these calculations yield
very good agrecment with similar intensity contours for copper. Thus, the
basic systematics of such eflects is well established and relatively easily
predicled, and such measurements can provide rather direct information
concerning the near-surface atomic order and crystal oricatation, Further-
more, in the very near luture, more highly accurate theoretical calculations
of such elfects utitizing methods developed for LEED anatyses should
become available 394

A final important point in coancction with such core-level angular diste-
bution measuremcents is thal it may be possible 1o ulilize them for determining
the bonding gecometries of atoms or molecules adsorbed on single-crystal
surfaces. That is, if core-level emission from an adsorbed atom docs exbihi
angular anisotropy, it must be primarily associated with linal-sfale scattering
effects that should, in turn, be strongly related (o the nearest-neighbor
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atomic geometry. Very recent measurements in our laboratory do in fact
indicate that such anisotropies exisi.

2. Valence Spectra. 1t was first noted by Baird ef al195. 35 that XPS
valence spectra from a single crystal exhibit considerable changes in fine
structure as the clectron emission direction is varied with respect to the
crystal axes. As an example of these eflects, Fig. 51 prescnts Au valence

GOLD VALENCE BANDS

POLYCRYSTAL
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Fig. 51. Au valence specira from a (001) single-crystal surface ohlnipcd .:\! various 8
valnes in a single polar scan passing through the {111], {112], and [1 13] dircctions. A poly-
crystalline spectrum s shown for reference. (From Baird erf al., rel. 200.)

spectra obtained with clectron emission along various directions in a single
0 scan. Although the basic two-peak structure in the dominant d-band peak
is present for all directions, there are pronounced changes in the relative
intensitics and shapes of the (wo components. In particutar, Au spectra
oblaincd with cmission along the [001), [101], and [111] directions exhibit
probably the most pronounced differences relative to one another, as shown
in Fig. 52. Similar changes in single-crystal XP3 valence spectra with dircclion
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have by now also been noted in AgAN8 (Cy 307. 308 PR 4 the laycer
compounds MoSz, GaSey, and SnSe.M?

The occurrence of such anisotropic clfects thus means minimally that
considerable care must be exercised in interpreting any XPS valence spectrum
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 definition a non-dircctional
quantity, as is the mcan cross-section ag(hi), sa that clearly such single-
crystal cffects add an clement heyond the model summarized in Fq. (107).
For example the Si specctrum shown in Fig. 14 may well exhibit an extra
strength in the peak labelled “Ly” due to such elfects. ™3 As noted in Scction
111.D.4, the conncclion of XPS spectra to the density of states in a direct way
implies a type of uniform averaging over initial states that nced not be
possible in a directionally-sensitive single-crystal experiment.

As it is reasonable 1o expect that the anisotropics noted in XPS valence
emission [rom single crystals are associated somchow with the hasic
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Fig. 32. Fxperimental and theoretical angular-resolved XPS Au valence spectra for
electron emission alung the [001], [101], and [111] dircctions. The data were abtained with
monochromatized AlKe radiation, DT, represemts calculations based upon the dircet-
transition model. “M.E"" represents planc-wave matrix-clement calculations. The hand
structures utilized in the theorcetical calcubiions were: . Christensen's RAPW™Y? and
- — -y = - - =, two slightly differemt choices for the spin s bil parameter in Smith's
tight-binding inlerpotation scheme % (Mvom refs 185, 31, and 37

+
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symmectrics of the initial states involved, it is of considerable interest to
develop thearctical models for the interpretation of such effects. Two different
approaches to this problem have been proposed.!®s. 506 312 Both of these
madels begin with the basic direct-transition cxpression given in Lq. (106),
but the different assumptions made in each yields final predictions of a much
different form, These two modcls are:

(1) The Direct Transition Model, In this model, the wave-vector conserva-
tion embodicd in Eq. (104) is primarily emphasized. This vicwpoinl has been
uscd previously to analyze angular-dependent UPS data from single
crystals,'%2. 1% and sujtable modifications to permil its direct application to
higher-energy photoemission experiments were first discussed by Baird
ef a1 Rigorous wave-vector conservalion is used to connect each observed
final-state wave veclor kf with a unigue initial-state wave vector k within the
reduced Brillouin zone by means of a suitable (and unique) reciprocal lattice
vectar g, The magnitude of kf is determined from the internal kinetic energy
Faw, ¢ (I, Fig. 12) by assuming thal the free-cleciron dispersion relation
Fu, o - #2(k122m is valid at high excitation energics. At XPS energies,
k! furthermore varics very littte over the valence spectrum: for example, in
gold with Luttice constant a=4-08 A, it is found that 12-84(2nfa) <kf<
12-88(2ra), where 2m/a is approximately the rcduced zone radius, The
divection of kY (or, equivalently, the direction of the photoclectron momentum)
with respect o the crystal axes is determined from the known crystal
oricniation relative o the spectrometer acceptance solid angle. (Small
dircction corrections due to electron refraction in crossing the surface barrier
I o are necessary only for very low angles of electron cxit.)?: 397) The finite
salid angle of acceplance of the clectron energy analyzer distributes the

* - 4w AN
2w 9* 3 by,along [010]
T i—s
¢ e
o T
~ in g Observation
a . cone
olAu}r 4.0BA L 7
hy 14870V [‘ *5=Tl'-"i..........] Sl (RO
iphnloneoidg'?! oo - -
- 12.56‘—01 kphoton

I'ig. 5. Scale drawing in X-space of the direcl transitions that would be involved in XIS
cmission along the 1010} direction in a Au single crystal. The initial states from which
emission could aceur are represented hy those k values in the shaded disc near the face of the
reduced Brillovin rone at left. The additional involvement of variable-magnitude phonon
wave vectors due to vibrational effects appears, however, to lead to rather full zone averaging
in angular-resolved XPS spectra from Au at room \emperatures, as discussed in the text.
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observed kY values over a disc-like region in k-space, as shown in the scale
drawing for gold in Fig, 53, where the acceplance solid angle is taken for
illustration to be conical with a 2-0" half angle. Fach k7 value can then he
corrected by the non-negligible ks, associated with the photon 1o yield a sct
of vectors kf — k., —k 4 g (shown as the right-hand shaded disc in the figure)
that permits uniquely determining the sct of k valucs in the reduced zone from
which allowed transitions can occur (shown as the left-hand shaded disc
lying coincidentally very near a reduced-zone face). Duc to the linite size of
the disc (cf. ils size to that of the reduced zone in Fig. 53), more than one g
may be nvolved, depending on the exact placement of ihe disc in k-space or,
equivalently, the observation direction in real space. s further assumed in
this model that the matrix elements for all k ~ k/ transitions arc approxi-
mately equal, so that an angular-resolved spectrum is linubly predicted to be
proportional to the density of electronic states over the allowed k region
(not the tolal density of states).

This madel has been unambiguously demonstrated by Wagner or ol 514
to predict correctly all of the major spectral changes occurring with emission
dircction and photon energy for copper in the intermediate photon encrpy
range 40.<lw S200 eV, XPS calcubations based upon this model for Au with
cmission along [001]. {101]. and [111] are shown in Fig. 52, where they are
indicated by “D.T.” and compared with experimental spectra. ‘Fwo dilferent
initial-stale band structures have been wtilized in the calculations 5. 310
yielding two dilferent scts of curves. The most accuraic hand structure was
used for the solid curves, and comes [rom a relativistic augmented plane wive
(RAPW) calculation by Christensen. 3% Both sets of dircet Leansition curves
qualitatively predict the correct changes in both the relative intensitics of the
two main components and the shapes of each component, although the
calculations do predict more change with direction than is noted experi-
mentally. Simifar agrecment has been found for 9 olher directions in Ay, 37
as well as 6 directions in Cu,™7 teading to previous conclusions!'. 7 yai
the direct-transition model represents a good description of such effects in
XPS. However, very recent data obtained by Hussain ¢f af. % for Au with
hoth MgKa and AlKa radiation are at variance witht his maded: speaifically,
for emission along {001], {11t), and [112], theory predicts large changes in the
spectra of a given direction when pholon energy is changed {(because the
disc changes position in the reduced zone due to the clange in the feogth of
k7). whereas negligible differences are observed experimentally. In addition M#
forexcitation with AlKa. the frec-clectron metal Al is found not to exhibil any
spectral changes with emission dircction, again in disagreement with direet-
transition predictions. 1t thus appears that some form of wave-vector smear-
ing or reduced-zone averaging is occurring, probably duc 10 the creation or
annihilation of phonons, as suggested first by Shevchik!® and discnssed
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previously in Section 111.D.4. The fraction of direct transitions for which
phonon smearing is absent is most simply estimated from the Debye-Waller
factor: 187

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

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

cu?y is thus a function of material and temperature. In XPS, g2 is of the same
order as (k)2 (¢f. Fig. 53) and thercfore is much farger than the corresponding
quantity in UT'S. Thus, the Debye- Waller factor can be very small in XPS,
as, Tor example, 0-04 in Au at 25 "C. Such small values suggest that rather
complete 7one averaging may occur in room-temperature angular-resolved
XIS measurements on many systems, as previously noted. (In fact, Williams
et al % have recently noted the disappearance of direct-iransition eflects in
LIPS spectra of Cu obtained at high temperature that very nicely confirm
phonon involvement.) The direct transition model as outlined here thus may
nol be applicable (o room-temperalure XPS measurements on many
maleriads, even though it clearly is a valid description at lower excitation
encigies, 37 3 and perhaps also at lower temperaiures in XPS,

() the Plane-ware Matrix-clement Model. This model was first discussed
in connection with angular-dependent XPS spectra by Mclecly of al 2%
Although k-conserving dircct transitions are used as a starting point, it is
further assumed that final-state complexitics somehow smear out the deter-
mination of k and k/ to such a degree that essentially all k valucs in the
reduccd zone can contribute (o emission in any direction. Mixing of different
planc-wave components into the final electronic states by various scattcring
processes was lirst suggested as the source of such zone averaging, 3 but such
effects do not scem 1o he strong for copper with fiv £ 200 eV 314 More likely, the
creation or annihilation of phonons in the photoelectron excitation event is
responsible,

In the limit of complcle zone averaging, anisotropies in XPS valence
spectra are then assumed by McFeely ef al. 2% to be due to directional matrix
clements as summed over all occupied initial states. These matrix elements are
in turn calculated by assuming a plane-wave final state of the form:

d (N =exp (ik/-r) (166)
and a tight-binding or LCAO initial state of the form:?6, 9

$ur) =3 exp (ik-Ry) {Y Con X, (r—Ry)} (167)
R ]
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in which

R¢=1he position of an atomic center in the latlice

X {r—R¢)=2an atomic orbilal centered at Ry
X, ()=R(r}Y (0,4) [cl. Eq. (36)]

C,., = an expansion coefficient

Computing matrix elements (b /| A-V |4 can then be shown!59. 200, 112
yield a linear combination of the Fourier transforms of the various atomic
orbitals making up the initial-state orbital. Such Fourier transforms further-
more cxhibit the same angular dependence in k/ space that the atomic
function has in real space, and they can thus be written as

X,u(k’) !f;-(k’) Y‘“(th, $u) (168)

with #,s, .7 indicating the direction ol kf, and £ (kf) being a radial intcgral
dependent on |kf| =k/ only. For radiation with a polarization direction
¢, it then dircctly results that

[<ns | A-Fdod [2ocle kN2 Y Cpp X, (K —Kn) |2 (169)

In generat, e-kf has becn held constant in prior experiments, and for a closcly
related set of orbitals such as d funclions, it can further be assumed that the
factor £, (k') is constant. Finally, each initial state is thus predicied (o contri-
bute photoclectron intensity with a weight of | 3" Co Yt/ o, ./ iy HE

”
and a summation can be carricd out over all such occupicd states. Thus, for
example, the contribulion of a d,2 2 atomic orbital to such 2 matrix clement
is predicied to be a maximum along the same directions as the orbital maxima,
namely the + xand %y directions. Orbital symmetry is thus predicicd to he
very directly reflected in the angular-dependent emission ptobability. Calcu-
lations bascd upon this model are presented in Fig. 52 for Au, where they arc
indicaled by “*M.E.” Two different types ol tight-binding paramelcrizations
have been utilized, and it is clear that the results are sensitive to this chnice.
Nonctheless, there is generally good agreement between cxperiment and
thcory for the three directions shown, as well as others in Aw5. 1 which
have been investigated, and a similar set in Cu™1 The same type ol plane-
wauve model has also been found by Ley ef al. M9 1o predict corecctly changes
in single-crystal valence spectra of the compounds MoSs, GaSes, and SnSco.
Thus, it at present appears that the planc-wave matrix clement approach is
the more correct of the two discussed here for deseribing room temperature
XPS experiments on most materials, although significant quesiions do stif)
remain as to the validity of using a frec-clectron plane-wave final state for

i
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computing XPS malrix clemenls, 185 188. 318 More accurate theoretical
calculations of such cfects are thus clearly of interest.

To the degree that such measuremenis do directly reflect orbital symmetrics,
such angular-resolved XIS studies should prove to bhe very uscful probes of
villence clectronic structure.

VIl. CONCLUDING REMARKS

The aim of this chapter has been to discuss in some detail the basic ideas
involved in both performing and interpreting XPS measurcments. 1t is clear
that a relatively large number of distinet physical and chemical cffects can be
related to the observed spectra. This diversity can be both an advantage and a
disadvantage in using the technigue, depending upon the specific problem at
hand and the phenomena encountercd. On the positive side, however, is the
fact that at lcast some degree of quantitative understanding has been achieved
in conncction with all of the effects noted Lo date. The theoretical interpreta-
tion ol XI'S specira 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 goul of the discussion here has been to
prescent these diverse ideas within a single, unified framework.

As an important example of the interdependency of different phenomena,
linal-state effects of various types can tend in certain situations to obscure the
initinl-state information that is of most interest in many applications. But,
on the other hand, linal-state clfects can also be used 10 delermine additional
charactenistics of the system. The essential reason lor this mitial-state/linal-
state dichotomy is that the pholoemission event is inherently very disruptive
to the system, leiving it with a hole in a certain subshell and thus a significantly
itHered sel of clectron-electron  interactions. The  interpretive  material
preseided in Scetions [H-V therefore begins with a rather general discussion
of the photoemission process that emphasizes the importance of both initial
and final stales (as well as inelastic scattering effects). [However, the first
arcas of application considered are intentionally those which for many
sysiems can exhibit the strongest initial-state componenl: valence-level
studies in molecules and solids (Sections .03 and [1.D.4), quantitative
anmalysis (Scchon HLE3), and core-level binding energy shifts (Section 1Y),
Nonctheless, care must always be exercised in analysing data in ofder (o
avoid having the different final-state effects discussed in Scetion V introduce a
significant error i any conclusions concerning initial-state properties.

The potential range of information derivable from XPS spectra is indeed
very broad, and a schematic summary of the interrelationships between
various obscrvable quantities or cffects and basic system properlics is
presenied in Table 1 1o this table, the possible interactions between dilfcrent
obscrvables are also indicated.
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TFARLE 11

Schematic illusiration of the interrclationships between various observable XPS
spectral features or their associated effects and the basic system propertics polentiolly
derivitble from an anabysis of such observations

Spectral feature or effeet Systert propesty devivable

{1} Fixed-angle mcasurements:

*Corc peak intensitics —— Quanltitalive analysis

e Initial-state charge distributions

»(ore pcak shifls
Final-state charge distributions

2 & nitial valence-orbital encrgy fevels,
symmetrics and atomic-orbital
make-up

Thermochemical encrgics

= Valence peak intensitics
and positions

—w=Relaxation cffects Proton afTinitics

= Muktiplet splittings

Initial-state ¢lectron configurations
andelcctron electroninteractions

Final-state corrctation
(configuration-interaction) cffects

L === Shake-up, shake-ofl, other
many-cleciron cllects

Peak shapes and widths Final-state lifetime effects

Tinal-state vibrational excitations

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

cxcitalions
(2) Angular-resolved measurements Atomic depths relative to a solid
on solids: suteface, concentration profiles
Asin (1), but at grazing electron Propertics as in (1), but very near
cmission surface { ~ 1 2 atomic fayers)

As in (1}, but at grazing x-ray Near-surface atomic geometries for

incidence / substrates and adsorbates
Core peak intensitics from Initial valence-orbitad encrgy levels,

single crystals symmetrics, and atomic-orbital
make-up

Valence spectra from single
crystals

XPS has been and will no doubt conlinue to be fruitfully atilized for the
study of free atoms, free molecutes, and the hulk properiies of solids and
liquids. However, the inherent swrface sensitivity of the techaigue when
applied 1o solids and liquids leads to what is certainly one of (e most
significant arcas ol apphication, namely in studying the physics and chemistry
of surfaces and inferfaces. En this context, the relatively newly developed
angular-resolved studies of solids have also clearly bheen demonsirated 1o
cnhance significasily the amount of information derivable, as is also indicaled
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in Tabie 11, Two separate procedures exist for selectively increasing surface
sensitivity by angle variations. For single-crystal specimens, information
concerning both detaifed atomic geometries and valence-orbital symmetries
can also be derived from angular-distribution measurements.

No exhaustive elucidation of specilic arcas of application for XPS has been
attempied here, but i is silicient 1o note that by now the technique has been
used in problems related (o physical chemistry, inorganic chemistry, organic
chemistry, biochemistry, solid-state physics, surface chemistry, surface
rhysics, indusirial chemistry, amd environmental science, Future develop-
ments will no donbt involved all of these arcas, but with special emphasis on
problems rebated 1o surface science. A Turther significant component of Aiture
work will no doubt be the more extended use of XS in combination with
other spectroscopic methods such as, lor example, the other surface-sensitive
technigues  of  UPS, photoelectron  spectroscopy  utilizing  synchrotron
raddintion sources, low-cnergy cleciron diffraction (LEED), Auger clectron
speciroscopy (AES), and secondary ion mass spectrometry (SIMS).

Thus, x-ray photoclectron spectroscopy is by now a relatively mature and
well-gstablished experimental tool. However, varions major problems still
remain to be solved concerning both the measurement and the analysis of
X I'S spectra. These include the ever-present and conflicting needs for higher
resolution and higher intensity, which are at present heing sought by means
of nore eflicient x-ray monochromators combined  with  multichannel
detection systems. More novel radiation sources and analyzer/detector
systemms might also provide a further solution to this problem. Trom the
point of view of theory, more quantitative treatments of various final-state
clfects and electron- electron correlation cllects are needed. More accurale
caleulations of both wave functions and photoelectric cross-sections for
molectles and solids would also be very helpful, especially as refated to
angular-resolved studics of atoms and molecules interacting with solid
surfaces.
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Abstract

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

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

Angle-resolved photoelectron spectroscopy in fact has a rather long history, as
recently reviewed by Jenkin et al.]. However, the current interest in angle-
resclved x-ray photoelectron spectroscopy (ARXPS) as applied to solids and
surfaces is only approximately ten years old, having begun with observaticns of
diffraction-induced channeling effects fn single-crystal specimens by Siegbahn et
a].z and by Fadley and Bergstrﬁm3 and of enhanced surface sensitivity for grazing
angles of emission by Fadley and Bergstrﬁm3. A number of other effects of
interest in surface science have been roted since these first studies, and several
quantitative models have been developed for describing them. This type of
measurement has been treated in prior general reviews in 19?44. 19765. and 19786.
and the present discussion will thus principally stress those developments that
have occurred in the past few years, particularly with regard to vsing ARXPS for
quantitative surface anmalysis, surface atomic geometry investigations, and
valence-band studies,

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

It is useful to begin by considering a general experimental geometry for
angle-resolved x-ray photoemission from a sclid surface, as shown in Fig. 1.

X-rays are incident at an angle Bhy with respect to the surface. Photoelectrons
are emitted into the acceptance solid angle of the analyzer Q . The initial
direction of a given trajectory into this solid angle is givez by its polar angle
8 (here measured with respect to the surface) and its azimuthal angle ¢ (measured
with respect to some arbitrary direction in the plane of the surface). The angle
be tween tﬁe direction of radiaticn propagation Ehu and the direction of electron

emission k is defined to be a. In most current XPS systems, a is a constant fixed
by the mechanical design, aithough much UPS work has been carried out with movable
anatyzers and thus variable a. In addition, the geometry shown here is Somewhat
special in that the directions of radiation propagation and electron emissicn
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Fig._l. Genergl geometry for an angle-resolved photoemission experiment.
5pec1men_rotat1ons on the two perpendicular axes shown vary 8, ¢, and 8
over their full allowed ranges. n is the surface normal. Movement of hv
the electron analyzer relative to the radiation source also can be used

to vary a and choose any 6, ¢, 6, , ‘h combination, but in XPS this has
been done very little to date. ¥ WV

Fiu:ﬂ hv h» voried
Agimuthal Polo‘r Normal
scan scon emission
-
/'{"‘ .
N -
s -
g
NPD
Type | Type 2 Typa d

fig. 2. Schematic illustration of three often-used types of angle-resolved
photoemission experiments: (1) an azimuthal scan at constant polar anQ!e-

{2) 2 polar scan at constant azimuthal angle, and (3} a scan of hv at fixed
normal emission (also referred to as norma} photoelectron diffractien or NPDY.
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define a plane that also contains the surface normal. In this sftuation, rotation
on the two perpendicular axes shown permits varying the angles 8, ¢, and @, over
all possible values {consistent, of course with the geometric requirement that
fotat 0“' n); The 8, L axis 1s here taken to be perpendicular to the plane
containing khv' k and the surface normal, and the § axis {s parallel to the
surface normal.

More general experimental geometries in which the analyzer can rotate on one or
two axes with respect to the specimen and radiation source are also possible. In
this case Ehv and k need not be co-planar with the surface normal and the four angles
8, ¢, 0, and b, BTE in general necessary to fully define the experiment. Such
geometries have been used consideradbly in angle-resolved measurements at lower
energ1es7'9. but very Tittle to date in the XPS regime. A final addition that is
possible 1s the utilization of polarized radiation, as §s just become practically
possible in XPS studies with synchrotron radiat1on‘°; in this case, the angles ac
and ¢ specifying the orientation of the polarization vector & must also be known.
However the standard XPS sources with which virtually all studies at hv > ) ke¥
have to date been performed yield largely unpolarized radiation, so that we will
only later comment briefly on polarization effects as an interesting subject for
future investigation.

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

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

to bulk valence band Structure. R w/
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2. Instrumentation

Beyond the normal {nstrumentatfon requirements for an XPS experiment, which are .

reviewed elsewheres, those for adding the capability to do angle-resclved

measurements are relatively straightforward.

The solid angle Q, over which electrons are accepted into the analyzer (cf. Fig.
1) needs to be well defined and reasonably small. Depending upon the application
intended, a range of angles corresponding to 46 x &¢ from a minimum of ~1° x ~1°
to a maximum of ~10° x 410° could be suitable, For the two most commonly ytilized
analyzer configurations, the hemispherical electrostatic and cylindrical mirror
electrostatic, some degree of baffling thus is in general required to adequately
define the solid angle, and this will, of necessity, reduce the overall intensity
of the instrument. In certain hemispherical analyzers with pre-retarding lens
systems, the solid angle may already be relatively well defined, as discussed in
detail for one system by Baird and Fadley‘z. but in general this is not at all the
case, with much larger angular deflections of ~+20°-30° being a)lowed in a
direction perpendicular to the central reference trajectory of the analyzer. This
Toss of intensity assoclated with reducing a, also suggests the use of some form
of multichannel detection as a compensating factor., A further problem that may be

encountered with any analyzer is that i, may vary over the effective emitting ares’

of the specimen and alsc may depend upon electron kinetic energy or other analyzer
parameters, as, for example, the degree of retardation.” Such changes in solid
angle and also in emitting area can in addition lead to a purely instrumental
change in intensity with angle, usually dependent on 6 only. Such instrument
response functions are discussed in Section 3.C and in prior reviews4'6']2.
addition, some instruments will exhibit a change in energy resolution with & that
must be allowed for in precise analyses of 5pectra|2. has also recently
considered general criteria for designing analyzers for angle-resolved studies

in
Plummerla

over a range of energies,

In addition to defining 50 1t is necessary to be able to rotate the specimen
so as to chamge the angles 8, ¢, and perhaps also O A single polar axis of
rotation varying 6 and Bhv is very easy to add in an overall geometry such as that
of Fig. 1.
complexity, but commercial manipulators providing at least partial azimuthal

A second arimuthal axis for varying ¢ requires additional mechanical

rotation are availahble, and custom designs with greater flexibility exist in
several laboratories for both ARXPS® and .!\RUPSN‘]5
As one example of a reasonably flexible system for performing ARXPS at ultra-

measurements.,

high vacuum conditions, Figs. 3 and 4 show different aspects of one unit currently
in use in our laboratory. (An earlier high-vacuum device with a simpler
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B Nl

ol \

- HEATER CONTACT
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THERMOCOUPLE

LN RESERVOIR

Fig. 4. Three different views of a two-axis goniometer used for variable-
temperature ARKPS studies at anguiar accuracies of £:0.5°: {a) overview
including reference sample positions, and (b),(c) two close ups with

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

with an alignment arin in the analuzer {ci. Fig. 3{#}).

Angle-Resolved X-ray Photoelectron Spectroscopy 283

rack-and-pinion drive 1s described in ref. 5.) The basic XPS analyzer and chamber
to which the specimen preparation chamber, specimen goniometer, and translating-
bellows inlet system is mounted 1s a Hewlett-Packard Model 5950A. Fig. 3(a) 15 a
line drawing of the overall system and Fig. 3{b} a photographic view from the
fsolation valve on the APS chamber to the preparation chamber and inlet system.
The interior specimen support tube translates on external ball bushings, and is
controlled by a drive screw. VYarious standard components such as a LEED unit,
residual gas analyzer, ion gun, leak valves, and infrared pyrometer permit
cleaning, preparing, and characterizing specimens before admitting them to the XPS
chamber through the isolation valve, Two rotary feedthrus driven by computer-
controlled stepping motors permit precision scanning on the two axes shown in Fig.
1. These feedthrus are mounted on 3 six-way cross together with other feedthrus
for electrical heating, thermocouple temperature measurement, and Yiquid nitrogen
cooling. Full ultra-high vacuum operation is also achieved with this system, with
base pressures in the XPS chamber of «4-6:10'1‘ torr and in the preparation
chamber of ma-lc:\ﬂ'll torr.

Fig. 4 shows three photographic views of the specimen end of this goniometer.
The 8 drive comes in on the vertical port of the six-way cross, turns a right
angle with a set of bevel gears, and is then transmitted directly to the rotating
specimen support arm via a 1/4 o.d. drive tube. This drive tube 1s supported on
precision ball bearings over its entire length of ~110 cm, The ¢ drive enters
via the rear port of the six-way cross and is transmitted viz a straight internal
drive shaft of 178" diameter to sets of bevel gears and then spur gears 5o as
effect ¢ motfon. The ¢ drive shaft is internal to and concentric with the 8 drive
tube. Precision stainiess steel ball bearings are used at all rotation points.
Although there is an overall lash in this system between the coupled @ and ¢
motions of £1° due to the various mechanical linkages involved, the consistent
use of identical directions of rotation in making settings permits overail
precisions and accuracies of £0.5° fn both 8 and ¢. Particularly for the
grazing-emissfon azimuthal scans to be discussed in Section S5, such accuracies
appear to be absolutely required for obtaining reproducible data. The specimen
can be heated up to ~1000°C with an internal resistive button heater {Vartan
No. 981-2058) to which current passes via a contact ring and 2 spring-loaded
floating contact. Alternatively, an electron bombardment heater for temperatures
up to ~2500°C can also be mounted in the same position. Thus, full azimuthal rota-
tional freedom is maintained, an extremely useful feature in providing a self-
consistency check on data from single crystals, where the crystal rotational
symmetry should be mivrored in the azimuthal data. Thermocouple and 1iquid-
nitrogen connections can also be made to points near the specimen as needed.

e
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3. Surface Sensitivity Enhancement at Grazing Electron Emission Angles

A. Introduction

The basic mechanism of surface sensitivity enhancement at grazing emission
angles is illustrated in Fig. 5 for the case of an {dealized homogeneous, semi-
infinite, flat-surface specimen in which any effects due to atomic positfonal
order are assumed to be fully averaged over, The mean free path for inelastic
scattering Ay is further taken to be a constant independent of emissfon angle. In
this case, the mean depth of no-loss photoelectron emission as measured perpen-
dicular to the surface is exactly equal to Ao for normal emission or 8 = 90°, but
it decreases as A_sing for non-normal emission. For typical XPS mean free paths
of 15-20 A‘E 18. this simpie model thus predicts that between normal emission and
grazing emission at & = 10°, the mean depth should decrease from roughly 8-10
atomic layers down to only ~2-3 atomic layers, respectively. Polar scans of
photoelectron intensity are thus expected to exhibit varying degreas of surface
sensitivity, a5 has been demonstrated in numerous prior fnvestigationsq's.

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

Closer examination of such oxidized Si spectra also shows Si core-level chemical
shifts between oxide and element, with different angular behavfor for the two, as
illustrated in the results of Hill et al.lg for a 14 3 oxide layer in Fig., 7.
Here, the SiZp{oxide) peak is enhanced relative to SiZp({element) at low 8, as
expected; the gquantitative analysis of this type of overlayer data will be
discussed further in Section 3.D.

A final ard even more subtle example of the qualitative use of variable-p data
‘s provided by Si in some very recent results due to Grunthaner et al 20shown in
Fig. 8. Here, the SiZp data from a chemically-cleaned surface exhibit a very
small change in peak shape in going from 6 = 38.5° to the more surface sensitive
8 = 18.5". These results are alsg shown after a resolution enhancement procedure

Angle-Resoived X-ray Photoelectron Spectroscopy
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Fig. 5. 11lustration of the basic mechanism producing surface sensitivity
enhancement for low electron exit angles 8. The ayerage.depth for no-lass
emission as measured perpendicuiar to the surface is hgsing.
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Fig. 6. Broad-scan core-level spectra at three electron exit angles
between low and high values for a Si specimen with a thin oxide over-
layer (-4}) and an outermost carbon contaminant layer approximately

1 monoTayer in thickness. Note the marked enhancement of the surface-
assocfated 0ls and Cls signals for low 8.
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Fig. 7. Si2g spectra at three electron exit angles for a 5i specimen
with a 15-A thick oxide overlaye:-. HNote the complete reversal of the
relative intensities of oxide and element between high and low 6.
(From Hi11 et al., ref. (19).)
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using Fourier transform deconvolution to yleld two doublets chemically shifted by
enly 0.30 eV from one anather. The lower-binding-energy doublet is enhanced in
relative intensity at low 8, suggesting a surface species. The fact that the 2:1
intensity ratic of the expected 293/2:291/2 spin-orbit doublet 1s found in the
area ratios of the peaks in each Fourfer transform doublet for both angles lends
further support to the results of the deconvolution procedure, and provides a
further internal consistency check for it. The surface species is thought by the

authors to be a chemically-produced hydridezo.

B. Simple quantitative models

In more quantitatively discussing such variations of peak intensities with polar
angle, 1t is useful to consider the idealized spectrometer geometry shown in Fig.
9, as has been done In several prior studies4'6'2]'2z. Here, a uniform flux of
X-rays ID is taken to be incident at ehv on the atomically flat surface of a
specimen of arbitrary thickness t. The radiation may in general be refracted into
ahv'# Bhv inside the specimen, after which it penetrates to a depth z below the
surface and excites a photoelectron from some level k. X-ray refraction will be
negligible for O, 2 1-2°, so that it will not be considered further until the
specific discussion of Section 4. FPhotoelectron excitation is described by the
differential photoelectric cross section dak/dn. The k-level- derived photo-
electrons travel to the surface, during which they can be fnelastically attenuated

according to expl-z/A,5inB'}, where 8' 1s the internal propagation angle and z/sing’

is the path length to the surface. Elastic scattering in travelling to and
escaping from the surface is for the moment neglected, although we will cansider
its possible effects later. In escaping from the surface, the photoelectrons may
be refracted from 8 to the external propagation angle & due to the surface
barrier or fnner potential vo; refraction will also be reqlected for the moment,
although an estimate of the low-8 11mit of validity of this approximation is
presented later in this section. Next, the anmalyzer is assumed to be adequately
described in terms of an effective solid angle of no acting over an effective
source area of AO (as measured perpendicular to the mean electron trajectory), so
that all electrons emitted from within the dotted projection of Ao {the active
specimen vglume) into f1, are energy analyzed. Possible retardation from an
initial energy of Ekfn z Ek to a final energy of Eo during analysis s also
indicated in Fig. 9. Finally, a detection efficiency Do can be included which
allows for either Jess than full counting of the electrons entering a, (fn which
case DO < 1] or the presence of a multichannel detection system {for which IJo >>

t). In general, the mean free path, the effective solid angle, the effective

Angle-Resolved X-ray Photoelectron Spectroscopy

Fig. 9. Idealized spectremeter geometry for calculating anqular-dependent
photoelectron peak intensities, with various important parameters and
variables indicated.
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area, and the detection efficiency wiil depend on electron kinetic energy, so
these will be written as Ae(Ek)'no(Ek)' Ao(Ek), and DD(EK)‘

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

The different specimen morphologies are:

(i) Semi-infinite specimen, atomically clean surface, peak k with Ekin = Ek‘ No 8
dependence is predicted and the Intensity is given by:

N = 10 (E A (E, )0 (€ ), (do, /dn)A (E,) . (n
This case corresponds to an optimal measurement on a haomogeneous specimen for
which no surface chemical alteration or contaminant layer {s present. The
expression given permits predicting the absolute peak intensities resulting for a
given specimen, or, of much more interest in practice, the relative intensities of
the various peaks. If absolute intensities are to be derived, then the incident
flux ID must be determined, as well as the kinetic energy dependences of the
effective solid angle no. the effective specimen area Ao' and the detection
effictency Do' In relative intensity measurements in which the quantity of
interest is Nk’"k' for two peaks k and k', the lﬂ factors will cancel, although
the nvoDo factors need not due to their kinetic energy dependence. The densities
P Or by ' of the atoms or molecules on which subshell k or k' s located may be
known beforehand, or may in many cases he the desired end result in quantitative
chemfcal analyses using XPS. For core levels, the differential cross section
do, /dR can be calculated for either unpolarized or polarized radiation from a

knowlg%ggsof the total subshell cross section o, and the asymmetry parameter By
6,23-
via

da g
koo 2k 3.2 (2)
o bl * By(zsina-1}].

Within a one-electron central-potential model, tabulations of theoretical
relativistic Tnej's by Scofield23 and non-relativistic enl's by Reilman et al.
can be used to determine danij/dn' or the non-relativistic results of Goldberg et
al.zs for Opg and B, for a number of atoms can be used. All of these tabulations
include the two most common XPS energies {MgKa at 1254.6 eV and AlKa at 1486.6

24
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(b) a semi-infinite substrate with a uniformn surface overlayer, {c) a
semi-infinite substrate with a patched surface overiayer, (d) a semi-
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fractional monolayer coverage of an adsortate}, and {e) a2 semi-infinite
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23,25

eV}, as well as several lower energies Possible effects of multi-electron

processes on the use of such cross sections are discussed elsewhereﬁ. For valence
levels fnvolved in bonding, the determination of dak/dn is more complexﬁ. The
last quantity involved fis A (E } which can either be taken from tabulations of
previously measured vaTues E, or, within a given specimen, be estimated from
Penn's theoretical treatment26 More simply, tts dependence on kinetic energy for
Ek6>I; few hundred eV ?;n be assumed to follow an empirical square-root dependence

R (E } = {E ) ; this reTationship thus permits determining Ay 's at any
energy for a given specimen provided that a single value 1s known.

Note that there 1s no 6 dependence in Hk within this simple model, a prediction
that was first made and verified experimentally by Henkezl. Its origin lies in
the fact that the effective emitting depth is Aesina {cf. Fig. 5), while the
effective specimen surface area is Aofsfna {cf. Fig. 9}; the effective specimen
volume at any 8 is thus the product of the two, in which the singé factors cancel.
This behavior is expected to hold as long as 8 is not made so small that the edges
of the specimen lie within the aperture AO“'S for such low 8 values an
addftional sing factor appears in £q. (1), This is one illustration of the
origins of instrument-specific response functions modulating 1ntensitiesq'5'lz.
This effect generally leads to the unfortunate characteristic that intensities at
grazing emission are markedly reduced compared to those at higher 8.

Prior tests of Eq. (1) in the quantitative analysis of homogeneous samples at
relatively high emission angles have generally yielded results in agreement with
experimental peak ratios to within +210%, as discussed e1sewhere6'27'29.

(1i) Specimen of thickness t, atomically clean surface, peak k with Ekin I Ek'
The intensity in this case 1s given by

N (8) = Iono(Ek)Ao(Ek)Do(Ek)ok(dokIdﬂ)Ae(Ek) [{1-exp( -t/ lE, )sing) ]
= N [V-exp(-t/a (€, }sing)]. {3)
Here, the intensity of a peak originating in a specimen of finite thickness is
predicted to increase with decreasing & (again with the proviso that ® not be so

small that the specimen edges lie within Ao).

(iii) Semi-infinite substrate with uniform overlayer of thickness t. As first
discussed by Fraser et 51.22, the two types of intensities here are:

p f i A

eak k from substrate with E . = € :

N(8) = IOQD(EkJAO(Ek}Uo(Ek)ok(dok/dﬂ)ﬂe(Ek)exp(-t/ne'(Ek)sine)

N:exp(-tlhe‘(Ek)sfne). (4)
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peak o from overlayer with E .= Ei:

N8 = IR (E (JA(E D (E, Yoy (doy san) A, (€)1 -expl-t/A (€, )sins]

(5)

"

N:[l—exp(—tlhe'(El)sina)]
where

A = an attenuation length in the substrate

A ' = an attenuvation length in the overlayer

e

p = an atomic density in the substrate

p' = an atomic density in the overlayer .

Or, it is often more convenient to deal with peak ratios in which Io and any

purely instrumental variations with 8 cancel:

Overlayer/substrate ratio:

8] Nl(a) nD(EE)AO(El)DO(El)pi(ddlldn)Ael(Ei)
R{@ = 2
N (0) ﬂo(Ek)AD(Ek)DotEk)pk(dck/dﬁ) Ao lEy) (6}

x [!-exp(-t/Ae'(Eg)sina)lexp(t/ﬁé(Ek)sinE)

= X« [1-exp(-t/r\e‘(El)sinﬁ)]exp(t/f\;(Ek)sine.

k . 13
This case represents a much more comman experimental situation in which the

primary specimen acts as substrate and possesses an intentional or unintentional
contaminant overtayer {for example, an oxide on a semiconductor as in Figs. 6 and
7 or a layer deposited from the spectrometer residual gases). Substrate peaks are
attenyated by inelastic scattering in the overlayer, an effect that is much
enhanced at low B, The overlayer/substrate ratio is thus predicted to increase
strongly as & decreases, and this model provides a quantitative description of the
effects discussed qualitatively in the previcus section. It is alse useful to:
consider several trivial modifications of Eqs. {4)-(8) that have been found useful

in analyzing data. Rearranging Eq. {&) and taking the Jogarithm yle1ds30
N (8) t
Jue
N, J Ae'(Ek)sinB. (7}
and proceeding similarly for Eq. {§) gives
N,(8) t
indl - tm = -
My e (El)s1ne. (8}

fn £q. (6), if the two kinetic energies [, and £, are very nearly equal {as, for
example, in chemically-shifted peaks such as those of Fig. 7}, then

Ae'(Ek} = Ae'(Eml {although in general Ae'(El) 7 Ae(Ek) because they apply to
different materials) and the ﬂvoD0 products will cancel in the ratio. Defining
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Ng 19
Kz -— then yields after similar manipulation
N
k[ r(a) t
in + 1 Z e ——
K Ae'(Ek)sine . (9)

£qs. (7)-{9) thus represent linearized methods for plotting data versus 1/5in8
that will be considered further in Section (3.0). where the quantitative use of
this model is discussed. The slopes of such plots are thus given by plus or
minus the effective overliayer thickness v = tlhe'.

{iv) Semi-infinite substrate with a uniform, but patched, overlayer of thickness
£§‘31'32 If the fraction of surface area covered by the overlayer is v,
that uncovered is thus {1-y}, and the resultant intensities are given dy:

Peak ¥ from substrate:

{1-y}(Eq. (1)) + y(Eq. {4})
N[O -v) + vexp(-t/a ' {E; )sing)] (10)

3

Np(8) = y(Eq. (5))
= N [1-exp(-t/a* (E;)sine)] av

N, (8 _‘—h;-_ T

o) £ [l-exp(-tfﬁe'(EE)Sine)]
N

k

N, (8) (12)
2 [(1-y) + Yexp(—t/ne'{Eklsine)]'1.

The overlayer/substrate ratio thus has a @ dependence different from Eq. (6},
and, in particular, the enhancement of the overlayer relative intensity at low @
is predicted to be less pronounced in the presence of patching or ¢lustering.
This model might be expected to apply for overlayer growth in which the overlayer
material (for example, a metal} is more compatible with itself than the substrate,
or could also be qualitatively useful as an extreme representation of the effects
of non-uniform overlayer growth {for example, in certain types of oxide forma-
tion}. This model has been compared previously with experimental re5ult53“32.
although it is not clear that patching effects can be cleariy distinguished from
those due to other phenomena such as surface roughness (to be discussed below).

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

important example of such a specimen type is an adsorbate present on a substrate
at fractional monolayer coverage. The relevant intensities ar‘es'ﬁ:
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Peak_k_from substrate:
N (e) = BT as € (1) (13}
Peak_t _from gverlayer: ‘
";(9) = lono(El)Ao(El)Do(EL)s'(dolldn)(51" ) (14)

Dverlayer/substrate ratio:

Ny(8) Q4 (E, )AL (E, )0, (E,)s' (do,/dn)d
N () “o(Ek)“o(Ek)°o(Ek}‘(d°k’d“)“e(£k)"" 8
s' Do(Ez)“o(E;)Ao(Eg)(‘°;/d“)d
= | —1 x {15)
S Do(Ek)notEk)AO(Ek)(dokldﬂ)ne(Ek)sin ]
with
s' = the mean surface density of overlayer atoms in which peak & originates
-2
(in em™ %)

s = the mean surface density of substrate atoms (in cn'z}
s'/s = the fractional monolayer coverage of the atomic species in which
peak L originates
d = the mean separation between layers of density s in the substrate
{calculable from s/p).
These expressions are useful in surface-chemical studies at very low exposures to
adsorbate molecules (s'/s £ 1), as they permit an estimation of the fractional
monolayer coverage from observed peak intensities. The assumption of no inelastic
attenuation in the overlayer 15 an extrame one, but is justified because the
macroscopic AE' of case (1ii) is both difficult to estimate and dubious in its
application to such thin, non-macroscopic layers, and also because {t represents a
correct Vimiting form for zero coverage. A recent attempt to quantitatively
assess the utility of this amalysis®® fs discussed below in Section 3.E.

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

infinite substrate34.

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

Nk(e) Ioﬂo(Ek)Ao(Ek)Do(£R)Ae{5k}(dck/dQ}

x f pilzglexpl-z /A (E )sin 8) . {16)
n=1
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1f hy depends onz also as Ae(Ek,z). the resulting expression 1s, however,
considerably more complex
N (8) = Iono{fk)ko(ik)DO(Ek)(dok/dn)
- n-1
x n§1 (oy (2,31 -exp{-d/A {E, .2 }sin B)}“:]exp(-dfhe(Ek,zn}sM 8)]
{n>2)

(17)

Taking ratios of two such intensities ¥, and Nk' as derived from species with
different concentration profiles has been suggested as a method for deriving
profiles by Hollinger et al.34. although a compiex, multiparameter fit to the
8-dependent data results, and 1t appears that physically reasonable constraints
must be placed on the forms of o (2} to yield unique solutfons. Vasquez and
Grunthaner35 have also considered a very similar model for oxide growth in fixed-

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

C. Additional complicating effects

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

(i) The instrument response function. Beyond the extreme low-B deviation of
Intensities from the constancy predicted by Eg. (1) that we have mentioned before,
additional purely instrumental effects can be intrnduced by a non-uniferm X-ray
flux (as, for example, will be produced by most A-ray monochromators‘z) and 2
solid angle that varies over the active portion of the specimen. A1l of these
factors can be combined into an effective instrument response function, as
discussed in detail in prior reviews?S, Oenoting this by R_(E,.8), it is
conveniently defined in terms of an {ntegral gver differentigl surface elements of
the product of spatially varying x-ray flux I, solid angle 7, and detection
efficiency D. The specimen surface can be considered to 1ie in the x,y plane,
thus yieldings

R (E ,8) = sina | l(B.X-y)ﬂ(fk.ﬁ.x.y)D(Ek,B.x.y)dxdy .

A

(18)

The detection efficiency will depend principally on Ek and so can probably be
removed from the integral. With this definition, any of Eqs. (1} and (3}-(17) can
be modified so as to apply to an arbitrary spectrometer simply by replacing the

|
|
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combined factor I (E, Je (€, JA(E IO (E, ) by R (Ek,e . Inspection of Eg. {1} with

and without R lnserted shows that the form of such a response functicn can be
empirically detenntned simply by measuring the 8 dependence (and perhaps also the
Ek dependence) of the k photoelectron intensity originating from a homogeneous
semi-infinite specimen with a clean surface (cf. Fig. 10{a)).
Examples of non-ideal response functiens are shown in Fig, 11,
caleulated with a slightly simplified version of Eq. (18) are compared with
experimental points obtained with a Hewlett Packard spectrometer] These results
are for a system with monochromatized radiation in which [ is very strongly peaked
approximztion of

Here, curves

in the middle of the specimen surface, but for which the g RO
Fig. 9 is essentially valiid. Also shown in Fig. 11 1s the measured response
functicn for a Vacuum Generators ESCALAB spectrometer; note that it comes much
closer to the constancy with & predicted by £q. (1), as its non-monochromatized
source yields a much more nearly uniform x-ray flux.

1t is finally reasonable to suppose that for some spectrometers, RO(Ek.E) will

have the same functional form in § regardless of EkS.IZ' and in this case, that

any intensity ratio Nk(B)/Nk.(e) from a given specimen wi;é yield 8 variations
independent of instrument effects. (Clark and ce-workers™ have noted, however,
that this simplification may not hold for all analyzer systems.) Thus, such peak
ratios should in general be more amenable to straightforward analysis, although
they still may carry information on the E dependence of R . For exampie, an

‘must be cons1dered in analyzing peak

3 and 11,

energy dependence of QQ as shown in Fig. 12
ratios at any 6 for the Hewlett Packard instrument of Figs.
{ii) Surface roughness effects. The qualitative effects of surface roughness ere
itlustrated in Fig. 13{a), and they are twofold:
experimental angle of emission @ as measured with respect to the planar average of

(1) For a given macroscopic or
the roughness, the microscopic or true emission angle et at an arbitrary surface
point may be significantly different. Thus, the true degree of surface enhance-
ment at low 8 may differ appreciably from that expected on the basis of the
macroscopic ® alone. ({2) Certain regions on the surface may be shaded for
emission at a given 8 by adjacent raised areas, as indicated by the cross-hatched
13(a). Such shading will tend to be fully effective if the
roughness contours are large with respect to typical Ae values of 10-40 ;.

In any case, regions of the

regions in Fig.
ar only
partial if the contours are on the scale of Ae.
surface will be selected by shkading as being more active in emission, and over
these regions, it is an integration of the true-angle emission behavior that will
correctly predict the observed intensities.
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Fig. 11.

Instrument response functions Ry{0) for two different spectrometer

systems, a Hewlett Packard 59504 with monochromatized AlKa x-ray source and

a = 72° and a VG ESCALABS with &

standard AlKc source and a = 48°. All

curves have arbitrarily been set to 1.0 at 6 = 90° {electron emission normal

to the surface).
hayve heen uysed:
sities were used for

the HP results; Cu2p,s; for the VG.

For the HP system, two different entry lens magnifications
standard of 5.0X and a second option of 2.3X.

Cls iaten-
Note the different

shapes of the curves, with the monochromatized system showing greater
deviations from the simple predictions of Eq. (1) of a constant response

function.
results.)

0, [STERADIANS x 107)

{From ref. (12) plus R.C. white and C.5. Fadley, unpublished
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Fig. 12. Kinetic energy dependance of the solid angle of acceptance into

a Hewlett Packard S950A spectrometer, as determined from detailed electron

trajectory calculations for two different entry lens magnifications.
(From Baird, ref. (37).
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Fig. 13, T1lustration of three effects providing acditional complexities
in the analysis of angle-resolved peak intensities: {a} surface rough-
ness, (b) elastic electron scattering, and (c) electron refraction in
crossing the surface barrier Vg,

0 20 -] 80

40
a1
Fig. 14. Calculation of electron refraction effects for different

electron kinetic energies and a typical Vv, value of 15%e¥. The degree
of refraction is indicated by the difference &' (internal) — 8 (external).
Contours of equal probablility of internal reflection are also shown.

{From ref. {5).) "
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Q'S'JB’BQ. roughness effects have been considered for

In prior investigations
several idealized topographies from both a theoretical and experimental point of
view. For example, the triangular-perfodic surfaces of aluminum diffraction
gratings with thin oxide overlayers exhibit dramatic angular variations in the
AlZp(oxide)/A12p(metal) ratio that are fully consistent with theoretical caleula-
tions incorporating the two effects mentioned above The precise form of the
effects seen depends strongly on the exact nature of the profile, which is usually
not known for an arbitrary specimen unless it has been very carefully prepared.
However, it is possible to conclude that the presence of roughness will in general
reduce the degree of surface sensitivity enhancement possible at low 6, although
in the 1imit of very low 8, roughness with rounded contours should again give
reasonable enhancement (i.e., an average 8, v 0% 0°)5.

Thus, roughness must be kept in mind as a possible source of deviations from the
simple models of the last section for all specimens. However, even for rather
randomly roughened surfaces, such effects do not seem to preclude the use of
high-8 and low-8 comparisons to do qualitative depth profiling”™ ", as discussed in
Section 3.A. Also, a procedure as simple as unidirectional course polishing of an
aluminum surface and subsequent & scanning in a plane parallel to the polishing
grooves and ngrmal to the surface is, for example, found to significantly enhance
the amount of surface sensitivity enhancement at low 8

{iii) Elastic electron scattering. Elastic electron scattering during photo-
electron travel to and escape from the surface has been neglected in this simple
model, but it could lead to several effects. Each interaction of the photo-
electron wave with an atomic center will produce scattered intensity deviating
from the initial propagation direction. Thus, the simple straight-line paths
assumed in the mode) are pot a fully accurate representation. Fortunately, at
typical XPS energies of mlGJ e¥, the scattered intensity due to each atom wil) be
strongly forward peaked; that is, most of the fntensity will lie very close to the
inttial direction and will in fact be within ~210°-15% of it. ({Such effects will
be discussed in much more detail in Section 5, as they have been found to produce
pronounced photoelectron diffractfon effects in single-crystal studies.) But even
in that case, there may be sufficient displacement of {ntensity to alter the final
emission distributicn significantly, especially at low 8. The possible effects of
elastic scattering on grazing-emission surface enhancement have been discussed
qualitatively for some times'lg. but only rather recently have Nefedov et al.qo
attempted to quantitatively determine their nature and importance.

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

(¥
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sion angle 8, the direct or unscattered wave travels along a lang path of

1t s possible, however, that a
th a shorter path

emnis
inelastic attenuation in reaching the surface,

wave initially propagating at some higher angle {and thus wi
length to the surface) can be scattered just before escaping s
significant intensity in the 8 direction with respect to that of the direct wave.
Thus, higher-8 relative intensities for different peaks can be scattered into
lower-9 regions, reducing surface sensitivity enhancement., This discussion
impticitly neglects any diffraction or interference effects between waves by
assuming that the positions of the atomic scatterers are random and averaged over
in different emission events. (For single-crystal specimens, such averaging does
not occur and diffraction effects can be very strong. )

A second type of effect discussed by Nefedov et a1.40 is the effective
iengthening of the average path tength of a photoelectron caused by 2 random walk
of elastic scattering evemts. Thus, they postulate that measured inelastic mean
free paths A are too large due to a lack of allowance for such elastic effects.

An examp1e of possible elastic scattering effects is presented in Section 3.D in
discussing ARXPS data for the 5102151 system.

o as to yield

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

Such refraction and reflection effects can be easily calculated provided that Vo
is knowns. and a family of curves for different kinetic energies E and a typical
VD of 15 eV is shown in Fig. 14, The equations utilized in calculating 8 and the
fractional internal reflection R_ for a given @' are:

5 = tan'1[(sin29'-V0/E)]/ feosa' ] {19)

and

1-(1-v, JEsinta) /717 201

1e(1-v JEsin‘e’) /¢

The difference 8'-8 between the internz] and external angles is used as a gauge of
the degree of refraction, and contours of equal percentage of internal reflection
are also shown. from these results, it is c¢lear that such refraction and
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reflection effects can be very serfous problems in measurements in the UPS regime
of 20-40 e¥. In the %P5 reglon of ~500-1500 eV by contrast, refraction and
reflection should not be significant for 8 3 10-15%, where 8'-8 £ 3° and the
internal reflection is £ 10%. Nonetheless, such effects should be taken into
account whenever possible 1n any fully quantitative analysis of ARXPS data for

100 100

8 x 20-30°.

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

- o

D. Applications to uniform gverlayers e &

As one example of ARXKPS as applied to the study of uniform overlayers, we iz e F3
consider work by Clark and co-workers 30 on polymer €ilms deposited in situ on § ' £
metal substrates. In this study, poly{p-xylylene) films of different thicknesses :; i Budty T
were deposited on a smooth Au substrate. Thicknesses t were measured with a ?’ 3 o f
quartz crystal deposition monitor. The Cls intensity from the film and Audf, ., ;,'° ;"2?:15’:’: 10 E
intensity from the substrate were measured at several @ values for each film, = ; * «
including values obtained in the 1imit of infinite thickness. Plots of E ! §

Neysl®) Nausr, . (©) & . 3
2n{1- ——| and n]—; vs t/sind were then made, according to the (-] |
Neis Mauery v

1inearized relations of Eqs, (7) and (8). Such data are shown in Ffg, 15 and it
is clear that the points for various thicknesses and 8 values are very well
described by a straight line. There is also very good agreement in the overlayer
Ae' values obtained via least-squares fits for data at different 8's, as given for
both the Cls and Au4f7/2_kinetic energies on the figure, Varying 8 thus provides . .
a very useful additional dimensfon in such data. We note, however, that high 8 o 20 0 6 0 20 40 &0 8¢
values were utilized, being from 90° (normal emission} down to 40°, and thus that tund 1/3ind
various additional effects expected to be stronger at low 6 such as roughness, . o
elastic scattering, and refraction have probably been minimized. s:‘g; ﬁifﬂ%lg;:ﬁgl«:ﬁd ;fprg;'::r:!x;?;:::;t;gsaf;gr{lyir;gig;f{\?ﬁec::s;zgiﬂg

As a second case, we consider SiO2 overlayers thermally grown on highly polished ::r;;:; 80::?::§e;n§1?C:ngi?:g::;:tgvg:qg é} ézszziggge: w::g ?ﬁaSured
single-crystal Si substrates; some example data havelglready been shown in Fig. 7. plotted according to £cs. (7) and {8). L{ne slopes wese.the: us:g to
In the first ARKPS study of this type by Hill et al.'”, four oxide thicknesses as derive A_{E) values in the overlayer (here indicated as A{E}}. (After
determined by ellipsometry were studied and the 8 dependence of the Clark and Thomas, ref. (3).

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

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

the 8 range of 90° to 30°-40°, but showed similar deviations from linearity for
lower 8 values in a direction so as to reduce the relative intensity of the oxide
peak. These deviatiens could be due to a combinations of factors: roughness,
elastic scattering, electron refraction, incomplete averaging over single crystal
effects, and the presence of a non-abrypt transition region between 5102 and $1°7.
More recently, Nefedov et al.40 have reanalyzed this data with the incorporation
of only elastic scattering effects, and they find good agreement as to the
qualitative form of the deviations from 1inearity expected at low 8. Pijolet and
Hollinger34 have alsc very recently analyzed similar Sizp(oxide)/Si2p{element)
data using a simplified version of Eq. (17} which allows for an interface layer of
intermedfate composition between 5102 and S5i; This analysisosuggests that the
transition region is rather abrupt and does not exceed » 3 A for an oxide film of
~28 A thickness. However, even this small a transition region also could account
for some of the low-8 deviations, as was noted previously in the analysis by Hill
et al.lg. But in any case, the use of 7 = tlAe' values derived over the Tinear
regiogs for the three thickest SiO2 overlayers permitted deriving a Ae'(ox1de) of
17+4 A and, via the experimentally determined constant K (cf. Egqs. (1} and {9}),
also a Ae(element) of 27:6 ;]9. These values have subsequently been found to be
accurate by other investigators35'43‘44. Thus, provided that such data are tested
via Eq. (9) and the appropriate high-8 range used, this type of analysis seems
capabie of providing accurate Ae' or Ae valves (or, once Ae‘ is known, accurate t

values}.

E. Analysis of adsorbate overlayers at fractional monolayer coverage

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

The example chosen here is from a recent study by Connelly et al.33 of the very
well characterized system ¢{2x2)S on N1{0D1)}, for which an ordered half-monglayer
of S atoms 1s present, occupying every other fourfold hofe site on the Ni surface.
Previous structural studies45 indicate further that the S atoms are 1.3 E above
the first plane of Ni atoms, as will be discussed further in Section 5.E.

Polar scans of SZp(Ekin = 1317 eV), N12p3/2(627 ev), and Ni3p(1413 eV}
core-level intensities were made for two different azimuthal orientations

Angle-Resolved X-ray Photcelectron Spectroscopy
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Fig. 16. Angle-resolved core-level intensity ratios from Si specimens
with four different oxide overlayer thicknesses from 158 to 894. The
$iZp oxide/element ratio (cf. Fig. 7) has been plotted according to

Eq. {9) so as to derive Ag(oxide} = t/t. {From KilY et al., ref. (19}.)
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oy, together with an average of these two scans. Ecfore averaging
strong diffraction features are evident. Also shown is the instrument

response function [cf. Fig. 11).

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

The adsorbate/substrate ratios S2p/Ni3p and SZp/HinJI2 were calculated from Eq.
{15), with all parameters being evaluated as accurately as possible for the
specimen and experimental geometry utilized. This included utilfzing the known
coverage of s'/s = 0.5, theoretical photoelectric cross sectinnszs, and energy
dependences of both h, 1n the substrate as given by (E’()”z and 0, as given by
Fig, 12. The calculated curves are directly compared with experiment in Fig. 18,
and there {s very good agreement as to both the 1/sin@ form and the absolute
magnitude of the ratio, even though the 6 range covered ts extremely broad
(90°-7°). The two sets of data never disigree with theory by more than ~210%,
Theory is however above experiment at low 6 for the 2;:3/2 ratio, whereas it f{s
below in the same region for the 3p ratio., This could be due to the much shorter
mean free path for the lower energy N12p312 peak, a fact which could lead to some
low-8 inelastic attenuation in the overlayer that is not included in the model of
Eq. (15). Nonetheless, these effects are not large, and, particularly if higher
energy peaks are utilized, it appears that such zzimuthally-summed measurements
should permit rather accurate coverage measurements to be made, even in the
presence of strong single crystal effects. In addition, differences in the forms
of such ratio curves as a function of exposure or annealing could be useful in
detecting adsorbate penetration inta the substrate, as the degree of increase in
an adsorbate/substrate ratio at low 8 should decrease in the presence of any
penetration. For too high adsorbate coverages, however, there could be concern as
to the validity of the non-attenuating assumption for the overlayers.

F. Studies of more complex concentration profiles

In the category of more complex concentration profiles, we begin by considering
a single-crystal specimen of LaB5 with alternating layers of La atoms and 36
octahedra perpendicular to the (001) surface (cf. Fig. 19(a}). When such a
surface is polished, cleaned in situ by ion bombardment, and annealed to form a
well-ordered system, the question arises as to whether La or B6 layers will 1ie on
the surface. Aono et a].aﬁ have studied this with ARXPS, measuring polar scans of
both La and B core levels, as shown in Fig. 19{(b) at two different azimuths,
Although there are pronounced single-crystal channeling effects in the intensities
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Fig. 18. Comparison of experiment and theory for the polar-angle
dependence of an adsorbate/substrate intensity ratic for the very wel)
defined overlayer of c(2x2)5 on N1{001}). The NiZp,,, and Nilp inten-
sities are averages of two azimuths (cf, Fig. i7). ﬁhe theoretical
curves are calculated according to Eq. (15) with no adjustable
parameters. (From ref, (33).)
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Fig. 19. The crystal structure of LaBg is shown in (3), together with
the measured and calculated 9 dependence of the Ladd/Bls intensity ratio
in (b). Two di‘terent azimyths are shown for the experimental results.
(After Aono et al., ref. (46),)
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of both peaks, it is nonetheless clear that the Larelative intensity is enhanced
at low 4. This system represents a straightforward applicitien of Eq. (16} in
which A, does not vary with z, but it can be set up in two ways depending upon
whether La atoms or BG moieties make up layer 1 {the surface layer). Aono and
co-workers have carried out calculations of the Ladd3/2‘5/2/815 ratio in both ways
and it is clear that the agreement with experiment is much better for a La surface
layer, This observation via ARXPS has thus assisted in explaining the unusually
low work function of LaBg, and should be generally useful for ordered structures
with layering of this type. .

Binary metal alloys provide another example for which concentration profiles can
be much more complex, with one component often segregating preferentially at the
5urfaceqT.The concentratfon of this species may then monotonically decay into the
bulk until it reaches the average bulk value, or it may in certain cases exhibit
single-layer oscillatfons as 1t approaches the bulk value. lon bombardment may,
on the other hand, cause preferential depletion of one species at such a surface.
As a qualitative ilTustration of such effects, Nefedov et 31.48 have studied
permalloy with a composition of about Feo_zﬂio.a‘ They compared the polar depen-
dence of the Fedp/Ni3p intensity ratio for an air-exposed film and for the same
film after ion bombardment. Their results are shown in fFig. 20, where it is clear
that Fe is surface segregated for the air-exposed film, but that very Fittle
segregation of either species is present after fon bombardment. Thus, it is
possible to conclude that the fon bombardment has selectively removed Fe, perhaps
teading to a slight enrichment of Ni at the surface.

Beyond such qualitatively useful conclusions concerning alloys, the question
also arises as to whether the detailed pk(z) profile can be determined by
analyzing such ARXPS data. Pijolet and HoHinger34 have recently discussed this
general probiem from the point of view of using peak ratios Nk(a}/uk.(e) based
upon Eq. (17). A simplex methed is used to choose the best pk(z} and ok.[z) by
minimizing the difference between the experimental and theoretical ratios.
However, the p curves so derived are found to be extremely sensitive to the exact
data points fit and the convergence criteria used, so that effectively, mltiple
solutions can result if quite arbitrary profiles are utilized. However, by
incorporating physically realistic constraints on oy and o as they are derived,
much better resuits can be obtained. These constraints include Timiting maximum
and minimum values, and usually requiring a mongtsnically increasing or
decreasing functien of z. {The latter of course eliminates the possibility of
seeing the oscillations in p{z) that are expected for certain systems.) An
example of their results for a Cu/Ni alloy ion bombarded and annealed in UHV are
shown in Fig. Z1, together with the % Ni profile ytelding the solid curve that
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Fig. 20. The 8 dependence of Felp and Ni3p core intensities for an
Fe/Ni alloy before and after fon bombardment of the surface.
particularly the marked change in the variation of the Fe/Ni ratio
{After Nefedov et al., ref. {48).)
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Fig. 21. Experimental Culpy,; / NiZpy,»

froma Cu/Hi alloyare shown as a function of 8 in (a).
the Ni concentration profile as derived from these measurements
using an analysis based on a simplified revision of Eq. (17} is
(From Pijolat and Hollinger, ref. {34}.)
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very well describes the ('.u2;:3/,z/ﬂ12|;:3/z ratio data. The profile also agrees
qualitatively with that expected from theory. However, the layer-by-layer
vartation of p provides essentially a multiparameter fit, so that good agreement
between theary and experiment does not assure meaningful theoretical numbers.
Also, the inclusfon of low-8 data dowm to ~6° could bring in errors due to
roughness, refraction, or elastic scattering; it would be interesting to repeat
the anatysis for say 8 2 15-20° to check self-consistency. Nonetheless, this
general idea for trying to derive arbitrary maonotonic profiles 1s promising and
well worth further investigation.

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

heterogenous catalysts, as discussed recently by Delgass and co-worker549 and by
Meisel et al.so.

G. Studies of surface-specific electronic structure changes

(1) Surface core-Tevel shifts. ARAPS has also been used to verify that core-
level binding energies of atoms in the outermost layer of a material can be
shifted relative to the bulk. This effect was first unambiguously observed by
Citrin et a1.5]. who used very high resolution {~ 0.25 eV) XPS to study the &
dependence of core levels in Au, Ag, and Cu. Some of thetr results are summarized
in Fig. 22. Ffor Ag and Cu there is little change with 8, but for Au, a shoulder
grows in on the low-binding-energy side of the 4f712 peak for low 8. This is
reminiscent of the discussion of the Si data in Fig. B, and suggests a less-
tightly-bound species near the surface. The Au data they have analyzed using a
two-component model (1.e., a one-monclayer Au(surface) layer and Auf{bulk)) with
a-dependent intensities given by Eqs. (4} and {(5). This model is found to provide
a self-consistent analysis of the data with a surface-to-bulk shift of 0.40 eV and
a surface component localized entirely in the first atomic layer. Such
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Flg. 22. The 8 dependence of core }ine shapes from the noble metals
Au, Ag. and Cu. For nesr-grazing emission, a shoulder is observed at
lower binding energy for Au; This is interpreted as being due to 2
surface chemical chift of the Aud4fy,, binding energy. (From Citrin
and Wertheim, ref, {51).)
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surface-layer chemical shifts have subsequently been confirmed for other metals in
higher-resolution synchrotron radiation studies--. The Si data of Fig. 8 also
represents a similar observation of a surface-specific core shift, in this case
thought to be due to hydride formatinnzo.

Thus, although both of these examples have strained the resolution of the
technique to its limits, the ability to vary angle has provided an absolutely
essential feature in arriving at the final conclusions.

{11) Surface valence-state alterations. A further surface-specific effect that
has been detected in ARXPS is a change in the average valency of certain rare
earth species near the surface. Wertheim and CreceHusS3 first noted this effect
for metailic Sm. This material is trivalent in the bulk, and exhibits corres-
ponding multiplet splittings in hoth core and valence levels that can be used as
fingerprints of this 3+ state. However, 2+ multiplets are also seen in the xPS
spectra and they are found to increase in relative intensity as 8 is decreased, as
i1lustrated for the 3d core levels in Fig. 23. These data were successfully
analyzed in terms of Eqs. (4) and {5), but with the added assumption that all Sm2§
was located in the first Tayer, although not all first-layer ions were Sm *

{ii1) Surface density-of-states changes. [Inasmuch as the surface atoms of any
material experience a different and usually Jower coordination number in compari-
son to their bulk companions, it might be expected that the distribution of
valence states in energy would also be different from the bulk. Such a
difference, as measured by the density of states, has been predicted in numerous
theoretical studies to occur an the surfaces of transition metals, where the

general expectation is for a reduced d-band width as measured most accurately by
the first moment of the d-band density of statessq.

One of the most convincing observations of such effects to date is based on
ARXPS. Mehta and Fadley55 studied clean polycrystalline surfaces of Cu and ki,
and for grazing emission found unambiguous marrowing of the second moment of the d
band peaks by ~ 19% and 21%, respectively. Experimental data for (v are shown in
Fig. 24. Calculations were performed to simulate these effects by taking
thearetical densities of states as computed for each 1ayer56 p(E)j. 3= 1,2,3....
and summing them with allowance for inelastic scattering to yield a weighted
density of states that should be seen in first order in the XPS me2s.rement as.

oE] = ] p(E)jexp(-zj/Aesina'). (21}
j=1
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fig. 24. Comparison of experimental and theoretical Cu ld-band widths
as a function of 8. The width is here measured using the second moment
of the 3d intensity, although very similar results are obtained in
using the FWHM. Theory is shown for the three lowest-index surfaces.
(From Mehta and Fadley, ref. (55).)
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Fig. 25. Polar dependence of plasmon inelastic losses for Ols from
oxygen adsorbed on a polycrystalline aluminum surface. The expected
positions of bulk- and surface- plasmon 10ss peaks are also shown.
{From Baird et al., ref. (57).)
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Here, zy is the depth of the jth layer and electron refraction has been allowed
for in using 8' instead of 8. The curves calculated in this way for three
Jow-index faces of Cu agree very well with the experimental curve, as shown in
fig. 24, The forms of the curves also agree for N1, although theory predicts a
larger sffect than that cbserved. However, in view of the simple initial-state-
only model used and the likely greater influence of many-electron effects in
nickel d-band emission, the overall conclusion can certainly be made that these
ARXPS results display surface d-band narrowing effects for both metals, The fact
that decent agreement is obtained even at angles as low as 9+5* also suggests that
surface roughness may not be a major problem for very carefully prepared surfaces
(In this case, the metals were deposited fn situ on ultra-smooth glass
substrates.}

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

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

(iv) Surface plasmon losses. A final effect that {s of interest in connection
with the enhanced surface sensitivity achievable at low @ 1s a change in the
relative intensities of various inelastfc loss processes. for example, for an
atomically clean surface of aluminum {which exhibits well-defined surface- and
bulk-plasmon excitations at different energies), it has been found by Baird et
51.57 that the surface plasmon losses are markedly enhanced in relative importance
at low 8. The reason for this enhancement is that the surface- and bulk-plasmons
are spatially orthogonal. Thus, because decreasing the angle of exit also
decreases the mean depth of emission, the relative probability of exciting a
surface plasmon is also increased at low exit angles. Comparisons of such data
with theoretical calculations for a free electron metal furthermore yield good
agreement with experimental relative intensities and further indicate that the
creation of plasmons occurs by means of both extrinsic processes occuring after
photoelectron excitation and intrinsic processes occuring during excitationSI. A
further feature of such angular-dependent loss measurements that is of interest in

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

A secand mechanism producing enhanced surface sensitivity involves measurements
carried out at very low x-ray incidence angles ehv‘ Far Bhv £ 1%, it was first
noted by HenkezI that the mean x-ray penetration depth in a typical XPS experiment
{which is a very large 103-105 1 for B 77 1°) decreases markedly to values of
the same order as the electron attenuation length Ag- This further suggests that
surface-atom signals will be enhanced in relative intensity at low Opy+ 25 WS
first demonstrated by Mehta and Fadleysg. The reason for this decrease in x-ray
penetration depth 15 the onset of significant refraction such that Bh“' << 8,
(cf. Fig. 9) at the solid surface. The interactions of typical XP5 x-rays with a
homogeneous medium are furthermore well described by a macroscopic classical
treatrnent.21 and detailed expressions for predicting penetration depths and
expected surface sensitivity enhancements in terms of the material optical
constants and other parameters have been presented elsewhere.5'21'59

As a recent example indicating the surface sensitivity enhancement possible
at low By Fig. 26 shows data obtained from a clean polycrystailine Cu surface
for which the CUEE3éB/CU3p ratio was measured as a function of the mean x-ray
incldence angle 8, “". Because the kinetic energy of the CuZp:’,2 peak {549 e¥) is
much lower than that of the Cu3p peak {1406 eV), tts mean free path will be
significantly lower. Thus, the mean depth of 2.’;::”2 emission will be less than
that of 3p emission under normal ¢ircumstances of x-ray incidence, and any
significant reduction in the x-ray penetration depth at low LI will act
preferentially to turn off more of the 3p signal. Therefore, the ~25% increase
in the CuZpalleu3p ratio noted for §;v X 0° fs a clear indication of surface
sensitivity enhancement. There is ailso good agreement between experiment and
thegretical calculations including both refraction and reflection effects, as also
shown in Fig. 26. Note the very sharp onset of the lou-Bhv enhancement over a
region of only a few degrees near ehv = 0°, More pronounced effects have also
been noted in the Cls/Audf ratio for Au with a carbonaceous overlayersg. and in
the Si2ploxide)/Si2p(element) ratio for silicon with varying oxide overlayer
thicknesses.61 Also, the known optical properties of several solids at XPS
energies of ~1.5 keV have been used to predict that such phenomena should be of
very general or_currence.s

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

Angle-Resolved X-ray Photoelectron Spectroscopy ny

in the degree of refraction and reflection. Thus, surface preparation and
accurate angle measurement are both very critical. Further practical problems are
that the x-ray source ought to have a very well defined direction of incidence
(Mhv £ 1° In Fig. 9) and that surface shading by any roughness present will
generally act to much diminish absolute photoelectron intensities at low I
Thus, grazing-x-ray-incidence surface enhancements may serve as & useful
complement to those at grazing electron emission, but the measurement and
{nterpretation of the former data may not be as straightforward.
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Fig. 28. Experi‘mental polar dependence of Ge XPS and Auger intensities
above a Ge(110) surface for 8 scans in a (110) azimuth. Ge3d and Ge2py,,
APS intensities are shown together with the Ge LiMq,sHy s Auger intensity.
No allowance has been made for the instrument response function.

(From Owari et al., ref. {£4).)
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5. Core-Level Emission from Sfngle Crystals:
%-ray Photoelectron Diffraction{XPD}

A. Introduction

In this section, we begin the constderation of effects observed in angle-
resolved x-ray photoemission studies of highly-ordered single-crystal specimens.
Here, emission from highly-localized, atomic-1ike core levels will be discussed;
in Section 6 following, the more complex case of emission from delocalized valence
Jevels will be considered. In both situations, a consideration of diffraction
phenomena associated with the wave character of the emitted photoelectrons will
prove essential for understanding the cbserved angular distributions. It is thus
useful to immedfately introduce the appropriate non-relativistic relationship
between photoelectron uavelength A and kinetic energy Ekin:

rg = MlmE, 12, (22)
where h = Planck's constant and m = the electron mass. In convenient units, this
reduces to approximately

s Uin R) = [150/E,, (0 en)]V/2. (23)
Thus the relevant wavelengths gver the typical XPS range of energies of ~500-1500
will be from Q.55 A at 500 eV to 0.32 A at 1500 e¥. The magnitude of the asso-
ciated electron wave vector K is {n turn given by k = 2n/2_, and k = K/k.

In order to qualitatively introduce the different types of effects seen in such
x-ray photoelectron diffraction {XPD) experiments, some typical experimental data
are shown in Figs. 27-3062'64- These are illustrative of the various types of
data which can be obtained, in that Figs. 27 and 28 both represent emission from
core-levels in the single-crystal substrate ({u with (001) orientation and Ge with
{110) orientation, respectively), whereas Figs. 29 and 30 represent emission from
species adsorbed on such a substrate {c{2x2)C0 on Ni{001) and c{2x2)0 on Cu{CQ1},
respectively. Also, two of the figures (27 and 30) represent azimuthal scans {cf.
Fig. 2} whereas the other two (28 and 29) show polar scans,

From these figures, one can directly draw several useful qualitative conclu-
sioens: There are pronounced anisotropies in all of these photoelectron anguiar
distributions., If the degree of anisotropy is measured as (I ax- min)/Imax =
AI/]max' we see that the values vary from as large as 73% for Cqu.v:U2 substrate
emission fn Fig. 27 to as small as 6% for Ols adsorbate emission at large 8 values
in Fig. 30. There are also some rather narrow features in these angular distribu-
tions, with widths as small as + 4-5°, and this indicates the possible importance
of having adequate angular resolution (as discussed further below). Not
surprisingly, the patterns seen exhibit certain symmetries of the underlying
substrate: for example, the azimuthal data of Figs. 27 and 30 for a Cu(001)

Angle-Resclved X-ray fhotoelectron Spectroscopy 32

Cls INTRAMOLECULAR SCATTERING

T [ T 1 T 1 T
1.0 |- -1
c[2%2)CO on Ni{OO1)
40"
| gy _
o;>:_ 0.9 O acdar
"zn ‘" order
1o /
<08 -
V]
0.7 -
Surtace
Normal
06 1 1 1 ! 1 |

30 4 X 60 70° 8o 90° wWo*  Ng°
POLAR ANGLE, &

Fig. 29. Experimental polar dependence of the Cls intersity for a c{2x2}
overlayer of CO on a Ni{(001) surface. The data have been obtained in

two symmetry-inequivalent azimuths. Alse shown is a schematic illustration
of the intramolecular scattering and diffraction preducing such effects.,
(From Petersson et al., ref, {62) and Orders and Fadiey, ref. (81).}
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surface with C4v symetry exhibit near mirror symmetry about a [110] azimuth for ¢
= 45°, a point we will amplify on below, The strongest substrate diffraction
features are also most often seen along high-symmetry azimuths as well, and this
suggests the possible use of such features for determining crystal orientations.
finally, if the substrate anguiar distributfons of Fig. 28 are considered, 1t is
ctear that the lower-energy photoelectron peaks exhibit broader features than
those at higher energy: specifically, the Ge2p3/2 angular distribution at 270 e¥
has less fine structure than that of Ge3dd at 1457 e¥. This last observation is a
straightforward consequence of the change in de Broglie wavelength with energy,
with shorter wavelengths at higher energies being capable of producing sharper
diffraction features due to interference effects.

The previous point concerning the desirability of high angular resolution {s
further illustrated in Fig. 31, where experimental Cu293,2 azimuthal data from
Cu(001) at a polar emission angle of 45° is shown for two different analyzer
angular acceptances: cones with half angles of 4,5° and 1.5°. The angle steps
used in accumulating the data were A¢ = 1.0° for both cases, It is clear that the
£1.5° aperture yields data with considerably more fine structure, including some
features of only a few degrees tn width. Although most of these features can also
be seen in the :4.5° data, they are much easier to resolve in the :1.5 curves,
Thus the optimum use of XPD 1n deriving structural Information will in many cases
require instrumental angular resolutfons of approximately 1-2°.

The azimuthal data of Figs. 27 and 30 further illustrate some important points
concerning data analysis. The raw data of Flg. 30 for Ols emission from c{2x2)0
on Cu(001), which is shown as dashed curves, has been obtained by scanning over a
full 360° in azimuth. Thus, in view of the qu symmetry of the surface, there 1s
redundancy in the data that can be used to average out noise and to check for the
reliability of various features, One yseful method s to fourfold average such
data by adding the points at ¢, ¢+90°, ¢+180°, and $+270°, thys partfally
accounting for the known symmetry associated with the surface; in general, this
averaging reduces the anisotropy Al/lma!. Subtracting off the minimum intensity
and replotting then yfelds the "flower" patterns shown as s01id curves. These can
in turn be compared with the raw data to be sure that all features present in the
fourfold-averaged data are conststent with similar features in each quadrant of
the raw data. Any misalignment of the azimuthal rotation axis with respect to the
(001] surface normal also becomes very evident in such comparisons. Finally,
since the symmetry operations of mirror reflection across ¢=0°, 45°, etc. have not
been included in the fourfold averaging, the presence or absence of such mirror
symmetry can be used to judge feature accuracy and overall statistical
reliability. For example, in Fig. 27, such fourfold-averaged data for l:uZp:”.2
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Fig. 30. Experimental azimuthal dependence of the Ols intensity for 2
c{2x2} overlayer of oxygen on a Cu{001) surface. Seven different polar
angles of emission are shown. Both the raw cata of a full 360° scan and
fourfold-averaged data from which the minimum intensity has been subtracted
are shown., The overall anisotropies al/1nax are also indicated for each
set of fourfold-averaged data. (From Kono et al., ref. (63).)
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emission from Cu(001) is platted in Cartesian form and fs found to be very close
Other forms of azimuthal data averaging wauld
ymmetry (as 2 inree-fold (1) surface

but in general it seems to

to mirror symmetric about ¢ = 45°.
be appropriate for surfaces with different s

or the stepped surfaces to be discussed in Sec. 5.E.),
be very useful to obtain the fullest angle scans possible to enable carrying out

such analyses. Sfmilarly, doing symmetry-equivalent polar scans (e.g., at ¢ = 0%,
g0°, 180°, 270° for a fourfold surface) and averaging these to check orientational
accuracy and reduce spurious intensity variations is also very usefui.

It is also worthwhile to note here that the typical mean free paths for
inelastic scattering in XPS of ~10-30 ; {mply that all of the features seen in
Figures 27-30 must be associated with atomic order very near the surface. In
fact, we have found in general that the type of surface pre-treatment utilized
(for example, as to times and temperatures for fon bombardment and annealing) can
have a dramatic effect on the degree of anisctropy found, even when simultaneous
observation with low energy electron diffraction (LEED) shows very little visual
difference in the sharpness of a pattern for different pre-treatment procedures.
Thus, such %P5 measurements seem to be very sensitive and guantitative indicators
of the degree of near-surface order

Before proceeding to a more quantitative discussion of these effects, we
consider a few examples of how such x-ray photoelectron diffraction patterns can
be used in more or less a fingerprint fashion to derive very useful information.
First, the Fact that substrate photoelectron emission along low-1ndex directions
in the crystal is generally assccfated with pronounced peaks in the XPD pattern
can be used to carry out very precise crystal orientations in situ, {This peaking
along low-index directions can be qualitatively explained in terms of Kikuchi
bands associated with different sets of low-index p1an9565. as discussed in more,
detail in Section 5.8.) For example, in our Yaboratory, the polar- and azimuthal-
orientations of (001)-metal crystals are routinely determined to within #G.5% by
using a combination of pelar scans through the [001] surface normal and azimuthal
scans through a series of <110> directions at 45° with respect to the normal. For
single crystals containing more than one type of atom, a second type of informa-
tion concerns the nature of the crystal site in which a given substrate atom is
sitting: for example, is it in well-defined lattice sites, has it been inter-
stitially incorporated, or has it been randomly incorporated with respect to the
other atoms of the lattice? This .se of XPD was first ~ade for 2 Au/Ag alloy by
Fadley and Bergstromj. Some more recent XPD data obtained by Thomas and
co-worker566 from a single crystal of the mineral muscovite are shown in Figure
32. Here, polar scans of different peak intensity retics are shown. These have
been analyzed by ncting that photoelectrons arising from two atoms occupying
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Fig. 32. Experimental polar dependence of normalized core Intensity ratios
for different peaks resulting from a single crystal of the mineral muscovite

{(K(R12)(513A1)013[0H)2).

The full range of excursion

is indicated as & per-

centage, and A, denotes the ratio of de Broglie wavelengths of the two

peaks involved in a given ratio.

{From Adams, Evans, and Thomas, ref. (66).)
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exactly the same type(s) of lattice site{s) fn the crystal should show exactly the
same XPD pattern, as long as their de Broglie wavalengths are not d¢ifferent by
more than ~30%; thus, their normalized ratio should be very near unity regardless
of polar angle. This fs trivially the case for the K2p/Kip and S12p/512s rattlos
arising in 2 single atom. By contrast, photoelectrons arising from atoms with
very different sites should exhibit the greatest excursions from unity, as for the
~£25% deviations in the S12p/KZp ratio; this §s consistent with the known
structure of this mineral. The reduced value of the SiZp/A12p excursions of =15%
(as compared, for example to $12p/X2p} is furthermore suggestive of some Al in
stoichiometric excess of that needed to occupy normal octahedral sites going into
tetrahedral sites that are predominantly S1. As a second example of site-type
determination, Ftg. 33 shows polar-scan dats obtained by Nihei et al.57 for a Au
overlayer of ~85 A thickness grown onto a {110) surface of GaSb, With annealing
at 400°C only, the Audf XPD pattern is relatively featureless, suggesting an
amorphous overlayer, whereas both the Gald and Sbdd patterns exhibit considerable
fine structure. After annealing at 540°C, however, the Audf pattern becomes very
nearly identical to the Ga3d pattern; as these two peaks are furthermore very
close in kinetic energy, it is thus suggested that Au has preferentially displaced
Ga in the GaSb lattice. This kind of atom-specific order and site information
would be difficult to cbtain 1n any other way.

As a final introductory comment, we note that Liebsch63 first pofnted out from a
theoretical point of view how adsorbate core-level photoelectron diffraction might
be used to determine surface structural information. This work involved
muitiple-scattering theory for low energies as appropriate to an ARUPS experiment.

B. The single-scattering cluster (55C) mode)

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

The essential elements of this single-scattering cluster (SSC) model are shown
schematically in Fig. 34. The basic assumptions are essentiaily identical to
those used in describing extended x-ray absorption fine structure (E)(AFS)"']3 and
a stmilar model has also been applied (although rather unsuccessfully) to angle-
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scattering cluster (SSC) model, with varicus important quantities defined.
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Fig. 35: The magnitude of the atomic scattering factor !£{5)] for Cu as
a function of scattering angle 4 for various electron kinetic energies
from 500 to 10,000 eV. HMNote the enhanced forward peaking as energy
increases, and the concomitant decrease in the impartance of any
backscattering. (From Thompson, ref. {80).)
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resolved Auger emission at very low energles of {100 ev74. The SSC model as

appropriate to XPD is discussed in more detail elsewheresz'sa. so that only the
essential assumptions and mathematical results will be outlined here.

Radiation with polarization ¢ is incfdent on some atom fn the cluster, from
which it ejects a core-level photoelectron, (In Fig. 24, the emitting atom is
shown near the surface, but it could as well be any atom in the substrate.) The
problem is then to describe the single scattering of this wave from all other
atoms § in the cluster, keeping track of the phase shifts introduced by both the
scattering and path langth differences and finally to sum the wave amplitudes so
produced to yield the total photoelectron amplitude. Squaring this amplitude thenm
yields the intensity expected in a given emission direction, as denoted by
the wave vector k. That is, if ¢°(F.F) is the photoelectron wave at ¥ as emitted
directly into direction K and @(F.?J+§) is the wave resulting from fnitial ¢,
emission toward a scatterer j at Fj and then subsequent scattering so as to emerge
from the surface in the direction of K, the overall wave amplitude will be given
by

w(r,k) = ¢°(F,E) * § ¢j(F,FJ~E) {24}

and the photoelectron intensity by

1K) = [w(F, R . (25)
Because the detector s situated at essentially ¥ = = along K, all of the waves
in {24} can finally be taken to have the Timiting spherical forms 4y < exp(ikr)/r
or ¢y = exp(ile-FJ|)1|?—;j|. although the actual amplitudes of each type in a
given direction will be modulated by the photoexcitation matrix element and, for
the ¢j‘s, also the scattering cross section. It is further assumed that the
portion of ¢, which passes to the scatterer j to produce °j also decays In
amplitude according to a spherical wave assumption, or as llrj. If the
scattering angle is ej, the overall path tength difference between ¢° and °j 1s
then rj(l-cosej).

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

Fujikawa, for example, has recently discussed this approacth.
For the special case of ns emission, however, this reduces simply to an
g-k dependencezs. and it is this form that has been used in most prior XPD
ana1y5e563’59. Since the differential photoelectric cross section
duni(é,ﬁ)/dﬂ is proportional to intenstty rather than amplitude, another
approximation would be to use a ¢, modulation of [danl(é.ﬁ)/dnlljz 54. Although
this {5 not strictly correct and does not account for possible sign changes in the

involved 70-72
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matrix element with direction due to the photoelectron parity75. it 15 probably an
adequate approximation for XPD in which the electron scattering process will be
seen to select out Fi chofces very nearly parallel to k; that 1s, for the range of
FJ directions near the K directfon that produce significant scattering, the matrix
element varies little, so that a very precise description of it {s not required.
In fact, predicted XPD patterns have not been found to be very sensitive to the
exact way in which the matrix-element modulation 1s included, particularly as
regards averaging over & in an unpolarized sourcesz'sa. We shall thus use the
simple &-k form in what follows.

The electron-atom scattering that produces °j {s assumed %o be adequately
described by a complex scattering.factor

fi(05) = [fj(85)|expliv(e,)], (26)
where wj(ej) is the phase shift associated with the scattering., The scattered
wave ¢; 15 thus proportional to fj(ej)expile-F |/|?—Fj|. with an overall phase
shift relative to 4 of krj(l-casej) + wj(ej) that is due to both path length
difference and scattering. The use of this form for ¢, implicitly assumes that
the portion of ¢ incident on the jth scatterer has sufficiently low curvature
compared to the scattering potential dimenstons to be treated as a plane wave.
This is the so-called "small-atom® approximation’s. and it should be fully .
adequate in XPO for all but perhaps the nearest-neighbor atoms to the emitter.
Even for such nearest-neighbor atoms, the only effect of inclusion of ¢ curvature
will probably be to somewhat reduce the amplitudes of certain forward-sgattering
peaks in I{E) in comparison to those predicted with the use of Eq. (26)77. s0 that
its neglect should not be serfous. A further important point here {s that, as
energy 1s increased, the region of the potential well that is effsctive in the
scattering is reduced in dfameter, so that the small-atom approximation should
because of this be more valid than prior cr!ter1a75 might indicate.

The scattering factor fj(ej) 1s most accurately determined by applying the
partial-wave method to a suitable spherically symmetric-scattering potential for
each atomic type in the cluster. The number of partial-wave phase shifts needed
goes.up with energy, and for a typical scattering potential of effective radius
1.5 A, would be 2 8 for Ekin = 500 eV and > 24 for 1500 ev. Tabulations of free-
atom scattering factors at energles spanning the XPS regime e:ist’g. AMterna-
tively, scattering potentials more appropriate to a cluster of atoms with over-
lapping charge densities and potentials can be constructed via the muffin-tin
model employed, for example, in LEEDql'az. The free-atom fj's generally are
larger in magnitude than their muffin-tin counterparts due to their neglect of
charge and potential overlapsz'ss. Both types of fJ's have been employed in XPD
calculations, and they do not yield significantly different }(f) curves, although
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the use of free atom fj's might be expected to predict slightly higher peak inten-
sities due to thelr larger amplitudes. In the 1imit of very high energy, the use
of the first Born appruximat10n78 for determining scattering factors might also be
expected to be adequate. However, recent studies by Goldberg, Thompson et al.
have shown that the Born approximation is not sufficiently accurate for XPD
caleculations at g5 kevaa‘ao.

Some typical scattering factor amplitudes and phase shifts for Cu are shown in
Figs. 35 and 36, These curves and other available data’? show that, over the
typical energies In XPS of ~500-1500 eV, the amplitude IfJ(ej}l 15 very strongly
peaked in the forward direction or near ej = 0%, with & FWHM of only ~10-30°.
This forward peaking {s even more pronounced at higher energies, as illustrated tn
Fig. 35. The only other appreciable scattering strength occurs near ej = 180*,
but this is down by roughly an order of magnitude in comparison to the forward
scattering peak. At higher energies, the back scattering peak 1s reduced even
further, essentially disappearing at 10,000 e¥. Considering the phase shifts in
Figure 36 and other availahble data?9 also permits concluding that for XPD, wj is
rather small (£30-50°) for the 8. region n which [fJI 15 large. Thus, for
electron elastic scattering fn XPD from atoms of low- to moderate- atomic number,
the scattered waves °j are expected to be significant only for ej rather near
zerg, and tn this case the scattering phase shift will also be rather small. (The
optical theorem prevents y. from being exactly zero unless the total scattering
cross section is also zero 73.) For substrate-atom emission from well below the
surface, the condition of near-forward scattering from nefghbors above is
geometrically possible for emission into a large number of directions k above the
surface. However, for adsorbates or near-surface substrate atoms, observation at
special emissfon directions may be necessary to see significant XPD. This is why,
for example, most of the polar angles 8 1n Fig, 30 are near-grazing with respect
to the surface. It also explains why the anisotropy in Fig. 30 falls off as the
polar angle is increased away from the surface, becoming almost undetectable at @
= 45°,

The effects of inelastic scattering on wave amplitudes during propagation below
the surface must also be included. Intensity falls off as exp(-L/Ae), where L is
an arbitrary path length, so that amplitude is expected to fall off as the square
root of this or exp(-L/ZAe} z exp{-yL). Thus, y = l/ZAe, although y values up to
~Z2-3 times this have been suggested in prior ERAFS72 and »!nuger74 analyses. Each
wave ¢ or °j can thys be multiplied by such a factor involving an L value which
includes the total path length below some surface cutoff point. This surface
cutoff is usually chosen to be the substrate surface as defined by hard-sphere

62,63
» 2lthough the exact choice {s not found to Influence the XPD patterns
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Fig. 36. The phase shift ¢(8) for Cu as a function of scattering
angle 8 for various electron kinetic energies from 500 to 10,000 ev.
(From Thompson, ref. {80).)
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Fig. 37. Comparison of experiment and single-scattering cluster {SSC)
theory for the azimuthal dependerce of Culpy,, emission from Cu(001) at
varfous polar angles between 7° and 18.4". The notation damping = 1.0
refers to the use of ifj(a)jl values with no empirical reduction factor,
whereas dampirg = 2.0 refers to theuse of values reduced by ) to optimize
agreement with experiment. Note that the only significant changes pro-
duced by the use of such camping are for two fine structure features
near ¢ ¢ 45° and for 8 = 7 and 10". (From Kono et al., ref. (63}.)
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significantly. Ae values can be taken from prior experimental or theoretical
tabulations, but it is found that this cholce also §s not critical: for example,
Ae for Cu has been varied by ~225% without changing the substrate XPD patterns
signifinantlyﬁz‘sj.

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

4y(1) = expl-akUE(T)] = expl-2k(1-cose 102(T)] (27)
where Ak is the magnitude of the change in wave vector produced by the scattering,
and US(T) is the temperature-dependent one-dimensional mean-squared vibrational
displacement of atom j with respect to the emitter. At this level of approxima-
tion, U is assumed to be isotropic in gggce and any correlations in the movements

Uj values can be gbtained from, for
example, LEED analyse552'53 However, the fact that the electron scattering is
significant only when 8, ts rather close to zero acts through the (l-cosej) factor
in the argument of Eq. {27) to yield Hj's very close to unity for all important
scattered waves. Thus, the U values chosen for Cu can in fact be increased by a
factor of four without appreciably altering the I(F) curvess3. S, vibrational
effects are to first order not very important in forward-scattering dominated XPD,
although they are, for example, very important in LEED, EXAFS, and normal photo-
electron diffraction where back scattering is the dominant diffraction mode {and
thus aj ¥ 180°). An alternate method for allowing for vibrational effects is to
assume some probability distribution of atomic positions due to vibration (as, for
example, a harmonic oscillator envelope) and then to sum separate weighted
diffraction intensities for all possible combinations of atomic positions, This
is cumbersome, but it has been used to quantitatively look at the effects of
specific types of molecular vibrations at surfaces77'al

The expression for intensity I(F) can now be written down directly as:

of near-neighbor atoms are neglected.

. _ gt . -
1{k) «f[a-ie ., E Tjj-lfj(eJHHje Ylj(expi[krj(l-cosej) +wyleIN1)* o2

If:{8;)]*

s 11 e s adier e, (28)
3

"i
Here, £-k and E-Fj represent photoemissfon matrix-element modulations along the
unit vectors k and Fj, respectively, and exp{-yL) and exp(-ylj) are appropriate
fnelastic attentuation factors. Thus, (e«k)exp{-yL) is the amplitude of the
direct wave q;?.f) and (E-?j)lfj(aj)le exp(-yLJ)/rj is the effective amplitude
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of ¢j(F, Fj'[) after allowance for both inelastic scattering and vibrational
attenuation of interference. The complex exponential allows for the total final
phate difference between ¢y ard each *j‘ The integrals on & simply sum over
different polarizations perpendicular to the radiation progagation direction, as
appropriate to the ysual case of a largely unpolarized x-ray source in XPS. The
second [ corrects the first absolute value squared for the incorrect inclusion of
J
Debye-Waller attenuations in terms involving a product of a scattered wave with
itself. That is, in expanding the absolute value squared, only preducts
invotving unlike waves as ¢0¢3 or ¢j¢; (i #2) s?ou]d include Debye-Waller
products of Hj or “j”i' respectively. The (I-Hj } factor in the second summation
iszthus necessary to yield overall correct products of the form ¢j°j‘ without any
“j factor. The second sum is termed the thermal diffuse scatlering term and itis
usually quite small with respect to the overall XPD ﬁodu}ations. because, as we
have already noted, Hj is very close to unity for all strong scatterers. Eq. {28)
is thus the basic starting point of the single scattering cluster model. [t is
a1s0 worth noting here that such a cluster sum makes no explicit use of the 2- or
3- dimensional translatioral perfodicities that may be present, even though the
atomic coordinates Fj used as inputs may incorporate such periodicities. Thus,
neither surface- nor bulk- reciprocal lattice vectors are explicitly invelved, and
it makes no sense at this level of description to speak of diffraction "beams”
associated with certain E's as in LEED,

Averaging over a totally unpolarized source leads to a more complex expression
for I(Kk) in terms of various geometric angles, but it can be shown that the strong
forward peaking in fj(ej) permits using the following retatively simple
expression62'63

Hﬂﬂ%+§=ﬂfwﬁﬂgﬂmm%J+ﬁwyhﬁ +§@HM?, (29)
where Bk or Brj are the angles between the direction of radfation propagation
and K or ;j’ respectively, and IO and [j are defined as

ID = sin 8, exp(-yL)

Ij = sin br ffj(ej)l exp(—vLJ-}/rj .

That is, in averaging over £, £+k has been replaced by sin ﬂk and €-Pj by sinBp

It is this result that has been used in mast XPOD calculations to date. ’
The last parameter of importance in actually using £qs. (3] gr {29) s the
range of j or the choice of a suitable cluster of atoms.  This is dore empirically
50 a¢ to include all significant scatterers by verifying that the predicted XPD
patterns do nct change in any significant way with tha addition of further atoms

at the periphery of the cluster. The inherent weakness of 31} scattering events
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for which aj is appreciably different from zero tends to Himit cluster sizes in
most cases. They thus can range from 2 atoms for near-normal emission from a
vertically oriented diatomic molecule on a surface77 to as many as several hundred
atoms for substrate emissfon in which beth the emission and scattering must be
summed over several layers into the bu]k62'63. Howevers, even for the largest
clusters so far considered, the {nherent simplicity of Egs. (28) and {29) stil)
yields calculations which do not consume excessive amounts of compuier time,
especially by comparison with those necessary for LEED or UPS simulations.

A further physical effect of importance in making comparisons to experiment {1s
the possibility of electron refraction at the surface, as discussed previouslty in
Section 3.C. Fig. 14 indicates that, even at the relatively high energies of XPS,
for emission near grazing, angle changes 8'-6 of a few degrees can be produced by
Thus, especially for adsorbate studies such as that shown in Ffg. 30,
a proper allowance for refraction is necessary, at least for 8 valuyes £ 10°. This
is done by using a suitable fnner potential VD derived from experiment and/or
theory and £q. {19) to predict & for a given internal propagation direction 6'.

In the presence of an adsorbate, the exact form of the surface potential barrier
thus becomes important, as 1t may not then be possible to assume an abrupt rise to
the vacuum level at the substrate surface. Also, the presence of adsorbate atoms
may alter VD through changes in the work function, and these atoms also may occupy
positions above the surface in which only a fraction of Vo is appropriate.
Although a prior study of O on Cu(001) indicates that the predicted XPD results
are not particularly sensitive to the choice of V062‘63. it is 1mp9rtant to
realize that not properly allowing for it may shift theoretical XPD patterns by as
much as a few degrees with respect to the actual 8 values at which they will be
observed.

A fina) step in any realistic calculation based upon this model is to integrate
the direction of emission K over the solid angle Q, accepted into the electron
analyzer62'53 For most of the calculations reported here, this has been over a
cone of $3.0-3.5° half angle, although for certain cases a smaller cone of 11.5°
has been used.

There are several reasons, however, why the XPD effects predicted by such 35C
calculations are from the outset expectaed to be larger in amplitude than those
observed experimentally. (This is a common type of discrepancy in other
diffraction calculations as wel), as, for example, in LEED.) These have been
discussed previously in connection wtih XPD , and are: (1) The actual surface
may have irregularitfes on an atomic scale that are not included in the usually
Tdealized model cluster. Also, adsorbates may exhibit more than one type of bonding
site, especially if unobserved steps or dislocations are present on the surface to

refraction.
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some degree. These effects will fn general tend to average out XPO effects in
experimental data relative to a highly ideal calculation. (2) The lack of a
fully-converged cluster of atoms in the calculations would also tend to produce
greater anisotropy, as atoms near the perfphery of a larger cluster add so a5 to
produce a nearly 1sotropic background. (3) The incluston of spherical-wave
character for nearest-neighbor scattering witll qualitatively tend to reduce the
scattering strength, at Teast in the forward direction. This effect has been
quantitatively estimated in XPD calculations for Cls emission from molecular co,
where it appears to reduce the forward scattering diffraction peak by about 1/2 as
measured with respect to the background intensity”? (4} Vibrational effects,
especially at a surface or for an adsorbate, may not be adequately described by
simple Debye-Waller factors, and lead to enhanced supression of XPD features. (5)
Muiltiple-scattering effects also may be present to some degree, and these would
generally be expected to smear out some faatures. (6) The presence of a non-
sotropic inelastic scattering mechanism (for example, associated with excitations
of rather localized valence electrons) also could reduce the relative intensities
of diffraction features. Such phenomena have been noted as a source of reduced
diffraction effects tn EXAFS back scattering, for example, although 1t appears
that for forward scattering the optical theorem’" will require an increase in 1£.1
due to inelastic processesaz. Such effects need to be further investigated for !
forward scattering at the '\-103 eV energies appropriate to XPS. The last four of
these effects thus need to be explored in further theoretical treatments of XPD,
but we shall show that the much simpler SSC model not incorporating them stil]
seems to describe the observed experimental phenomena rather well.

As a final comment concerning the S5C model, we note that it can be directly
reduced to an expression very close to that used in EXAFS analyses72 if it s
assumed that all scattered waves &, are small in magnitude in comparison to L
Then, 1f we begin at Eq. (28) (for simplicity neglecting any averaging over &),
we see that all terms such as ¢j¢; and ‘j‘} can be neglected in expanding the
absolute value squared. The thermal diffuse scattering term thus can also be
neglected. After some simple algebra, it can then be shown that

HR) = (2-k)2 @720 4 2(a.k)e ML) ;J [£.08.)|W,e" Tt
iT N RN

x cos{kr,(1-cose,) + y.(8.)), (30)
o A L
This simplified form has in fact been used recently by Orders and Fadley in

successfully describing several aspects of normal photoelectron diffraction

data®?,

_*This factor of approximately 0.4-0.5 for nearest-neighbor scattering
has also been verified in recent much more detailed XPD spherical-wave
calculations by Sagurton, Bullock, and Fadley(to be published}. :
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In subsequent sections, we will consider several applications of this SSC model LOE35(CX31) Kon el al
to the interpretation of XPD data, including espec!ally several substrate- and : — —
adsorbate- systems of known geometry to test the degree of its validity. La 4d too) (@}

C. Substrate emission

The first quantitative comparisons of theoretical and experimental XPD curves
were for azimuthal scans above a Cu(001} surfaceez'sa. Some of this data for
Cu2p3/2 emission is shown in Fig. 37 (cf. Fig. 27}, and a more recent comparison
using higher and lower angular resolutions has been presented in Fig. 3).
Consider first the theoretical curves labelled "damping = 1.0" in Fig. 37, which
represent non-adjusted SSC calculations according to €q. (29), as do the
theoretical curves of Fig. 31. It is clear from these figures that simple SSC
calculations are capable of predicting the positions and approximate relative

Lodd INTENSITY (Arb. Units}

intensities of most of the features observed, even down to the very narrow peaks I = 'n
e ° 1 acr TO* 50 Elogd 7
noted for 15° ¢ ¢ ¢ 75° in Fig. 31. There are, to be sure, some minor POLAR ANGLE
discrepancies as to features, as for example, in Figyre 37 where the local :
inimum in experiment is not present in theory for ¢ = 45° and @ = 10° and the Fig. 38. Comparison of experiment and 55C theory for the pelar dependence
i P P . N Y o ¢ o . of Ladd emission from LaBg{001) atong the {100 and [110] azimuths. The
maxima in experiment for ¢ « 90° and & = 13°, 15°, 18.4°, and 45° are local minima salid-curve theory includes both La and B atoes as scatterers; the dotted-
in theory. Also, the degree of anisotropy is overestimated by theory by a factor curve theory includes only the much heavier La atams as scatterers. No
allowance for the instrument response function has been made in plotting
of +1.5-2.0, but this is not surprising in view of our prior discussion of the the experimental data. {After Kono, ref. (85).)
model.

The overall agreement between theory and experiment for Cu is improved
somewhat by the empirical reduction of each scattering amplitude lfjl by a factor
of 172%%: such curves are denoted by “damping = 2.0 in Figure 37. Such an [Gal-xAles(HO)J Nihei et cl.:
empirical reduction in |fj| might be justiffed in allowing for some or all of the -~ Experiment., |
last four factors discussed in the preceding section as being responsible for- ey ~[00i] ELgp_
overestimates of anisotropy by theoryf'but its magnitude has been rather L
arbitrarily chosen to optimize agreement, so that such adjustments will not
generally be utilized in what follows and, if so, will be specifically indicated.

As more recent examples of such comparisons, we note that the closely-related
crystal Ni{001) exhibits XPD azimutha) patterns very close to those of Cu(001}),
and somewhat better agreement with non-adjusted 55C ca]cu!ations8

Also, Kono = has recently compared SSC calculations and experiment for polar
scans ahbove a LaB6 crystal, Fig. 38 shows such a comparison for Ladd emission,
and it is clear that all main features are correctly predicted as to position and 3 70r 50t 3 o
approximate relative intensity. ({The experimental data here have not been POLAR ANGLE
corrected for a smooth-curve modulation due to the instrument response function.)

. 86
Takahashi et al.” have also recently compared azimuthal XPD data for Agid Fig. 39. Comparison of exneriment and SSC thecry for the polar dependenrce

.............................................................. of Al2p, Ga3d, and As3d emission from Ga1_xATKAs(110). (After Owari
*Such empirical adjustments in |f, | by approximately 0.4-0.5x have also et al., ref. (87).)

been found to improve agreement iith experiment in more recent work

{ref. 100 and Trehan and Fadley, to appear in Phys. Rev. B), and their

principal origin in spherical-wave effects{ref. 77) has also been con-

firmed by Sagurgon, Bullgck, and Fadley(to be published).

n

(=)

mn
T

(e}

INTENSITY (Arb. Units}

[y%]

"

[s]




o

340 Charles $. Fadley

emission from a Ag (110} crystal wtih 55C theory and found very good agreement for
all major features.

As a final example, we show in Figure 39 a very recent comparison of SSC
calculations and experimental results obtained by Nihei et a}.87 for polar scans
of three core peaks in a crystal of Gay Al As (x 3 0.5) with (110} orientation.
The SSC model utilized was somewhat simplified from that discussed here. Again,
almost all of the features are correctly predicted in position and relative
intensity, with the sole exception being a shift of 6° of two features for Asld
in the range 50° g 8 < 70°.

Overall, the test cases studled to date thus permit tentatively concluding that
S5C calculations provide a very good description of the XPD effects associated
with substrate core-Tevel emission. The degree of agreement found is even
somewhat surprising in view of the fact that emission along or near lines of atoms
in the crystal might be expected to enhance the fimpartance of multiple scattering
effects, ({Perhaps this is the reason for the slight featural disagreements seen
in fig. 31 near ¢ = 0° and 90°, as this corresponds to emission along <110>
directions.) Comparing $SC calculations with experimental measurements thus
should much increase the certainty of site-type determinations, such as those
represented by Figs. 32 and 33. Anticipating the next sections on adsorbate
emission, we also note that emission along lines of atoms is generally not
possible, so that SSC results might be expected to better describe experiment in
at least this respect.

In concluding on sybstrate emission, we also note an alternate description of
such effects in temms of Kikuchi bandsz's'ﬁs'aa. This emphasizes photoelectron
diffraction from different sets of planes in the crystal as denoted by Miller
indices {hke), and each set is expected to have associated with it a band of
enhanced intensity for photoelectron emission within plus or minus the Bragg angle
ehkk of being parallel to these planes. [f the interplanar spacing is d then
the Bragg angle is determined from

Ay = 2y osingg, . (31)
One thus qualitatively expects peaks of intensity for emission along low-index
directions in which several sets of planes intersect, as discussed previously.
Maxima at i@y, away from the planes are also expected and such features are seen
in both experiment and SSC theory in Fig. 31 for ¢ 2 10°, 80°. This model has
been compared to experimental data bath qua'litative]y65 and quantitatively {using
a simple superposition of independent (hkR) Kikuchi hands)as'ag. and found to
provide a semi-quantitative zeroth-order description of substrate XPD. A more

detailed comparison of the Kikuchi-band and SSC models appears elsewhereae.

hke*
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0. Emission from molecular adsorbates

Although the first adsorbate XPD was actually cbserved for an atomic adsorbate
{C on Cu{001)62'63). 1t 1s heuristically useful to begin by considering two simple
effects arising in small-molecule adsorption. These have both been studied for
the system c(2x2)CD on N|(001)77'8‘.

{1) Intramolecular Scattering. Fig. 29 shows polar-scan experfmental data for
Cls emission from c{2x2)C0 on Ni(001} for two different high-symmetry azimuthal
orientations The Cls intensity has been normalized by dividing by the
featureless 015 fntensity to allow for the ‘instrument response function, and a
clear peak along the surface normal 1s found. A qualitative explanation of this
in terms of intramolecular scattering is indicated in the fnset of this figure.
Cls photoelectrons are preferentially forward-scattered by the 0 atom in the same
malecule so as to produce a constructive interference and therefore a peak in
intensity directly along the C-0 bond direction. This forward-scattering peak can
also be termed a Oth order diffraction peak, as the scattering phase shift is very
small (it 1s shown for simplicity to be zero in the schematic drawing). At larger
angles away from the bond direction, 1st order diffraction effects might also be
expected, but they cannot be resolved for certain in this data.

A more quantitative description of this data requires using the SSC model, as
has been done in two prior studies77'al. Because the electron emission directions
of interest are rather near the surface normal, the substrate Ni atoms or other CO
molecules around a given emitter will be associated with scattering angles of
k90°. Thus, 1t has been shown that they have a negligible influence on such
intramolecular XPD and a two-atom cluster [a C emitter and an O scatterer) is
sufficient. The other fmportant parameters of the calculation are the tilt angle
8, of the bond axis away from the surface normai and an rms vibrational amplitude
8 rms for a wagging or frustrated rotational motion of the CO. % ms is
incorporated via a ground-state harmonic oscillator probability distribution, and
is expected to be near 10° for CO on N1{001} at ambient temperature.

Fig. 40 compares experiment and theory for enns = 10° and varfous choices of 0.
{Agatn, theory predicts %2 times larger XPD effects than are observed and at lTeast
half of this overestimate has been shown to be neglect of curved-wave effects due
to the short C-0 d1stance77.) An fntensity maximum along the surface normal such
as that observed experimentally is found 1n the SSC curves for all tilt angles
£14®. Considering further the FWHM of this Oth order peak is found to limit the

tilt to B, % 10°. This conclusion s also possible in the presence of greater
degrees of vibrational motional.
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Thus, this analysis permits rather straightforwardly determining the orientation

of C on this surface to within »10°. It also suggests the general utility of
such effects in studying the orientations of small molecules on surfaces, as the
Oth order peak intensity in general follows the bond direction. A1 that is
r:;hfred {s for an atom of reasonable scattering power {that is, of atomic number
14-8) to 1ie between the emitting atom and the detector. Such intramolecular
scattering effects thus provide a type of information very similar to that %
available from electron stimulated desorption jonangular distributions {ESDIAD)
and polarization-dependent core-level absorption edge structure measurementsg].
However, the theoretical picture in XPD seems both simpler and more clearly
understood than either of these other two methoeds, ard a synchrotron radiation
source is not needed to carry out the XPD measurements, although it is for
absorption edge studies.

{i1) Intermolecular scattering. A further type of XPD effect possible for an
ordered averlayer of adsorbed molecules is illustrated for the case of ¢{2x2)C0 on
Ni{O01} in Fig. 81. Cls emission is again considered, but in this case, for near-

grazing emission directions for which scattering by 0 atoms in near-nefghbor
molecules along the surface is possible. Fach O atom thus may generate bath Oth
order and 1st order XPD structure. For the expected C-0 bond length, these
effects are expected to occur for emission angles of ~10°-20° with respect to the
surface. At Tower angles, intermolecular scattering by C atoms in adjacent
molecules also may be significant, The gualitative expectation is thus that
azimuthal scans of Cls intensity should exhibit Oth order peaks at ¢ = a°, 45°,
90°, ... {as measured from the [100] direction), with extra structure at
intermediate angles possible due to 1st order effects,

Such intermolecular effects have been experimentally observeda]. as illustrated
in Fig. 42 for scans at various polar angles. These data have been fourfold-
averaged over a full 360° scan to reduce noise. As noted previously, the degree
of mirror symmetry about ¢ = 45° can be used to judge the statistical accuracy of
a given feature. Although low intensities make the statistical scatter of these
measurements rather high, intermolecular scattering effects are clearly seen at
the two lowest angles of 8 = 7° and 11°, including st order peaks at ¢ positions
of A22° and A68°. The overall anisotropies are ~15% for these low 9 values, with
rapidly decreasing values as 9 is increased to a maximum of 18%. Also shown in
Fig. 42 are SSC thecretical curves incorperating the effects of both types of
adjacent €O molecules (that is, those at ¢ = 0° and 45%). Independent wagging
vibrations of these molecules have also been inciuded, with a 8 rms value of 10°.

Although theory again cverestimates the degree of anisotropy, this time by ~4
T
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Ftg. 42, Comparison of experiment and SSC theory for t
dependence of Cls emission from c(2x2)C0 on Ni{001)}. The diffraction
effects seen are due to intermolecular scattering (cf. Fig. 41).

{From Orders and Fadiey, ref. (81).)
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times, the peak positions and approximate relative intensities agree very well
with experiment, especially at the two lowest 8 values. A more detalied
discussion of these effacts, including theoretical curves for varying degrees of
vibrational motion, appears elsewhere.a1

Thus, such intermolecular scattering effects should provide rather direct
information on the short-range order in an adsorbate overlayer. This is by
contrast with measurements such as LEED, for which long-range order over distances
of mloz i 1s necessary for sharp patterns to be observed. Partfcularly with
further developments in imstrumentation to increase intensity, as well as angular
precisfon and accuracy, such XPD effects thus should provide very usefyl surface
structural information. . )

£. Emission from atomic adsorbates

We begin here by discussing several recent test cases designed to explore the
angular sensitivity of x-ray photoelectron emission from core levels of atomic
adsorbates, as well as to determine the degree to which the single scattering
cluster model can be used to quantitatively describe such effects. Several
practical applications to structural determinations are then discussed, together
with estimates of structural sensitivity for different types of adsorption, and
suggestions for fmproving the structural sensitivity. The use of polarized and
energy-tunable synchrotron radiation for such XPD studies is also considered.

{1) Well-defined test cases. Fig. 30 makes it clear that XPD effects can be
observed in emission from a core level of an atomic adsorbate, and furthermore
that the resulting azimuthal patterns are very sensitive to the polar angle of
emission. The discussions of the preceding two sections on suybstrate- and
molecular adsorbate- emission also strongly suggest that a single scattering
cluster model should be adequate for describing these effects. However, it is
nonetheless necessary to test this idea by comparing experiment and $SC calculz-
tions for some well-defined adsorbate geometries. This has been done recently by
Orders et a1.69 for c{2x2)$ and c(2x2}Se on N1(D01). These overlayers have been
studied previously by LEED and NPD and both consist of atomic adsorption in
fourfold hollow sites, with § at a vertical distance of z = 1.30-1.35 i above the
first Ni layer45 and Se at a distance of z = 1,5%-1.60 E; every other fourfold
site is occupied, as illustrated in Fig. 43.

A series of azimuthal scans for S2p emission from ¢(2x2)S on Ni(001} at
different polar angles B between 7° and 17° are shown in Fig. 44 in comparisor 10
S5C theoretical curves for z = 1.30 i. Note that some of the 6 steps here are
only 1° in magnitude. Considering first only the dashed experimental curves, we
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see that the patterns change very much with 8, particularly in the range of
~7°-11°. The expected mirror symmetry about ¢ = 45° is also seen in 21} of the
experimental data, and provides strong confirmation of all of the features present
fn these curves. A comparison now of experiment with the S5C calculations shows
that, with very few exceptions, all of the peak positions and relative
intensities, and by implication thus also the changes in structure with 8, are
correctly predicted by this simple model. As usual, theory predicts more
anisotropy than experiment, here by ~1.4-4.9 times, depending on the 8 value.
However, the only significant discrepancies as to features between experiment and
theory are associated with the symmetry-identical peaks at ¢ = 0° and 90° for 8 =
7° and 9° (and very slightly alse for 10°); these peaks are predicted to be ~2-3
times too high in theory for 8 = 7°, and for this reason also persist as signi-
ficant features at B *» 9° even though they are not observed experimentally. A
consideration of the SSC calculations shows that, for Tow 8 values <7°, the peaks
at ¢ = 0°, 90° are produced by forward scattering or Oth order diffraction

from nearest-neighbor S atoms to the emitter which are located along <100>-type
directions {cf. Fig. 43). Similarly, the peak for very low & values at ¢ = 45° {s
assoclated with forward scattering by next-nearest neighbor S atoms along
<110>-type directions. Ope likely reason for overestimating the strength of
nearsst-neighbor scatterfng is that these 55C calculatfons assumed no refraction
in scattering events from the adsorbate, thereby emphasizing smaller-angle
adsorbate events too much fn the final angular averaging. Also, for such close
distances between emitter and scatterer, the use of the small-atom approximation
may not be fully valid, and curved-wave corrections would thus be expected to
effectively reduce the forward-scattering strength. It is also possible that
surface non-idealities and microscopic roughness could become more important for
very low takeoff angles (as discussed in another context in Sec. 3.C), and that
both nan-isotropic Inelastic scatteringandmultiple scattering effects couid be
more important for this type of nearest-neighbor forward scattering. In any case,
the overall agreement is very encouraging.

A similar comparison of experiment and 53C calculations has also been made for
c{2x2)5e or Ni(001)69. and it yields essentfally fdentical conclusions. Some of
this data is shown In Fig. 45, where the only significant discrepancies are again
in the relative intensities of the ¢ = 0°, 90° peaks at & = 7°, as well as in
slight pesition shifts of ~3-4° in the doublets for 10° <45 35° and §5° £ ¢ ¢
80°. Overall, then, these two test cases thus provide further strong support for
the quantitative utility of SSC in describing XPD from adsorbates. (Further
experimental and theoretical studies aimed at explaining the few dis¢repancies
noted are nonetheless desirable.)
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{ii) Structural sensitivity and structura) determinations. In additton to the
test cases discussed in the prior section, adsorbate XPD measurements combined
with $SC calculations have been used to study the atomic geometries of several
more complex systems: ¢(2x2)0 on Cu(DOl)GZ’Ba. p(2x2)0 and ¢{2x2)0 on Ni(OOl)gz.
and 0 on the stepped Cu surfaces {211) and (4!0)80. We degin by discussing the
apparent structural sensitivities seen in some of these studies from both
experimental and theoretical points of view.

As a first example of sensitivity to the type of overlayer structure present,
Fig. 45 compares experimental and theoretical azimuthal scans from the
well-defined overlayers c(2x2)$e on Ni{001} and p{2x2}Se on Ni(001). Considering
experiment first, we see that there are major differences between c(2x2) and
p{2x2) for all three polar angles shown. Thus, XPD is clearly very sensitive to
this change in overlayer structure, albeit a rather large one. Again with only a
few exceptions as to relative intensity, the theoretical curves very well predict
the experimental curves fer both overlayers; in fact, the only points of signi-
ficant disagreement are for c{2x2)Se at & = 7°, and have been discussed in the
last section. This comparison thus also lends further support to the applica-
bility of the SSC model for describing XPD data.

In proceeding further to consider structural sensitivity, the adsorbate vertical

position emerges as a critical parameter of interest. As a first illustration of
how this can affect adsorbate XPD, we consider in Figs. 46 and 47 comparisons of
experiment and theory at different z values for 01s emission from the expected
fourfold hollow sites of c(2x2)0 on Cu(001)%2+83,  (Although most of the
theoretical curves shown are for B = damping = 2.0 and thus have had the |fj]
values reduced by 1/2, their forms do not change significantly for § = 1.0, and
thus none of the discussion below is altered with the use of unadjusted Ifjl's.)
Comparing experiment and theory here for z values above and below the atomic
centers of the Ni surface plane at 2 = 0.0 R shows that at @ = 10° the region of
best agreement is for ~ -0.1 i to +0.1 i. For 8 = 13°, it would seem that 0.0 ;
te -0.1 3 is the region of maximum agreement. Similar comparisons at a total of
five 8 values ultimately permitted Kono et al.62’63 to propase that c{2x2}0 is
bonded in 4-fold hollow sites at a position that is co-planar with the surface Cu
atoms to within 0.1 R {that is, at z = 0.0 = 0.1 ;c). Including the Cu atom
immediately below the hollow, this yields a five-fold coordination for 0 with a
Tu-0 bond distance of 1.81 R that is not very different from the 1.85 K in the
compound Cu20. Although no prior definitive determination of this structure has
been made, very recent NPD measurements on this system are also at least partly
consistent with a nearly in-plane adsorptiongz. and previous LEED94 and SIMS
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angular dfstribution95 studies have also found this geometry to give one of the
best fits to experiment.

A further indication of structural sensitivity is shown by the bottom curves in
Figs. 46 and 47, which were calculated for another trial adsorption geometry: a
reconstructed Cu surface in whish 0 replaces every other Cu atom in the first
layer. The z distance of -0.2 A was chosen to optimally fit experiment at all @
values, but this fit is clearly very poor at 6 = 13°, even though it is reasonable
at & = 10°, The reconstructed geometry thus could be ruled out. This {llustrates
both the necessity of using & rather full YPD data set at multiple polar angles
and also the potential sensitivity of XPD to the bonding site type.

A similar XPD study of varlous 0 exposures on N{{001) spanning the p{2x2} to
c{2x2) transition in LEEDgz’99 also permitted concluding that lower exposures
involve fourfold O atoms at z 2 0.8 + 0.2 R. whereas at higher exposures, a
considerable fraction of the fourfold 0 s nearly co-planar with N1 at z =
0.1+ 0.2 E. This conclusion has subsequently been confirmed in high-resolution
electron energy loss measurements on the same systemgs, although it is at variance
with recent NPD97 and SEXAFS98 measurements, which suggest above-plane adsorptions
for both p{2x2) and c{2x2). Possible explanations for this apparent discrepancy
are a variable degree of above-plane and co-planar mixing with different specimen
preparation treatments, as well as an enhanced sensitivity of XPD to O in the
co-plamar sites where smaller-angle substrate scattering is possible9

However, the situation concerning vertical sensitivity is not quite as simple
for all cases as that illustrated in Figs, 46 and 47, Fig. 48 shows a similar
comparison of experiment and theory at different z values for c¢(2x2)5 on Ni{001).
Although stgnificant changes fn features occur with z for z values up to ~1.0 i.
beyond this point, the pattern is rather stable, with only very subtle changes in
fine structure. Thus it would be difficult to conclude much more than z 2 1.0 i
by comparing experiment and theory for this case, and similar concluysions obtain
for the other polar angles of emission in Fig. 4499. The same sorts of trends are
seen also for c(2x2)Se on Ni{001)%%, and lead to the conclusion that vertical
position sensitivity is Tost if the adsorbate is too far above the surface plane.

The explanation of this tfes straightforwardly in the forward-peaked nature of
electron-atom scattering in XPS, and {5 {1lustrated schematically in Fig. 49. For
Tow 8 values and an adsorbate lying closer to the substrate surface, small-angle
scattering is possible from both other adsorbate and substrate atoms. Since only
substrate scattering can provide information on the adsorbate-substrate distances,
a high z sensitivity of the order of :0.1 R results. On the other hand, when the
adsorbgte is too far above the Eurface ({1.3 3 for 0 on Ni, 21.0 i for S on Ni,

%2 0.8 A for Se on Ni, and 20.7 A for Te on Nigg), the scattering angles from the
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Fig. 49, Schemztic explanation of the differing sensitivity of azimuthal
XPD depending upon the height of the adsorbate above the substrate, with
specific examples of each type of bonding indicated.
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near-neighbor substrate atoms of most significance are too large to yleld e 2 1 3 Brocdaning
appreciable scattered waves 9 and the z sensfitivity s very low. In fact, the ‘4T1:; 80 "'”’JO'm°“:$jznnf
XPD is predominantly produced by scattering in the two-dimensional adsorbate . - : N 5 6%
overlayer, as is found to be the case, e.g., for both S and Se on Ki(001). The Y N Moaoe-~a05%

6l 41

inherent scattering strengths of the atoms involved alsc are important parameters /-a20%

here, and one can see a systematic trend through the chalcogenides in the values - Wit
given abave. Thus, a very low atomfc number adsorbate on a very high atomic . i-""- TN N N az s
number substrate would tend to shaow more site type and z sensitivity at higher 2z
values, and vice versa.

19 3%

Thus, although there are to be sure a great many surface chemisal problems for
which adsorbed or reacting species will occupy sites at z £ 1.0 A with respect to
the substrate surface and thus be amenable to high-precision study by XPD, the
amount of information derivable for other problems involving greater z distances
will be more 1imited. The question thus arises as to whether the method of
carrying out such measurements can be changed in some way so as to improve I
sensitivity, and two possible solutions seem promising. The simplest is to
increase the anqgular resolution of the analyzer, so that more fine structure can
be resolved in the XPD patterns. A theoretical simulation of this for c{2x2}$ on
Ni(001) is shown in Fig. 50, where curves for a cone of 3.0° half angle are
compared to those for a cone of 1.5° half angle at various z values. Although the
+3.0° curves are essentially constant in form for z > 1.2 i. those for +1.5°

S 2p INTENSITY {Ark Units}

continue to show changes in fine structure up to the rather high value of 1.8 A. ALIMUTHAL ANGLE ¢

Thus, especially if a family of such azimuthal scans at high angular resolutien Fig. 50. The effect of reducing analyzer acceptance from :3.0° to +1.5°
; on azimutha) XPD. Theoretical SSC curves for tha azimuthal dependence

and for various 9 values were analyzed simultaneously, it should be possible to of S2p intensity from c(2x2)S on Ni{001) at € = 10° are shown for the

increase the sensitivity to both site type and z for higher z values. (On the two angular acceptances and a range of 4-fold-coordinate z values from

negative side, however, would be the unavoidable intensity loss in increasing the 0.0A to 1.8A. (From Connelly, ref. (33).)

angular resolution.}

! 1 I H
A second possibility for improving z sensitivity is to use polarized synchrotron $ poanzonon

d
radiation and preferentially direct the primary photoelectron emissicon toward the do % ¢, enhance
sybstrate, as shown in Fig. 51, In so-called s polarization with the € vector dn’ ,rﬁ

lying in the plane of the surface, the maximum emission from a Tevel exhibiting a
typical XPS differential cross section will be toward the other adsorbate atoms, O At
thus minimizing substrate scattering and lowering the z sensitivity. By contrast,

in a p polarization geometry chosen to maximize the emission toward the substrate
and minimize that toward the other adsorbate atoms and in the direct wave ¢, the
influence of the substrate should be markedly emhanced in the observed XPD.
(AVthough to be sure a potential disadvantage of such a geometry is that the
overall photoelectron intensity may also be markedly reduced.) As an illustration
of the possible magnitudes of such polarization effects, Fig. 52 shows a

Fig. 51. Schematic explanation of how azimuthal XPD experiments in a
p-polarized geometry would be expected to increase the sensitivity to
adsorbate-substirate vertical displacement. :
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comparison of calculated XPD curves for c(2x2)$ on Ni{001) with s- and p-
polarization,and for various z values. The forms of these curves at 8 = 10° {as
well as at other angles not shown} are very much changed by the change in
palarization,and the anisotropies for the p-palarized cases are larger by as much
as a factor of 2. Recent experiments by our group at the Stanford Synchrotron
Radiation Laboratory have confirmed this polarization sensitivity in J(I’I).]00
Also, although the curves for s polarization cease changing appreciably with t for
Tz 1.4 ; in p polarizatiou, changes in fine structure continue to occur all the
way up to z = 2.0 A, Thus, with increased angular resolution and/er the use of
polarization variation, 1t appears that the high-z limitations on z sensitivity in
XPD could be substantially improved.

As a further example of structural determinations using XPD, we briefly consider
a recent study by Thompson and Fadleyso of 0 adsorbed on the stepped Cu surfaces
(211) and (410). Such surfaces are of considerable interest as controlled models
of what may be the active sites on metal catalysts. As one illustration from this
work, the (211) surface {5 found via LEED examination to reconstruct under oxygen
exposure to the geometry shown in Fig. 53. It consists of a regular series of
S-atom terraces of {111) orientation and 2-atom step faces of (100) orientation.
The most 1ikely high-symmetry adsorption sites for atomic oxygen are also shown as
R-C, and these can be further desfgnated as A = 4-fold top, B = 4-fold bottom, and
C = 3-fold. However, there {s no prior evidence to suggest which of these sites

will be occupied first, or whether a mixture of occupled sites may arise. Prior
chemisorptfon studies on the separate low-index (111} and {100) faces do suggest
however that {(100) atoms should ba much more reactive than (111) atoms, and it is
also expected that atoms on or near step faces may exhibit higher reactivity as
well,

[t is thus of considerable interest to see whether oxygen adsorbed on this
stepped surface exhibits any XPD features that are clearly influenced by the
presence of the steps. A 5 Langmuir exposure to 02 was found via an analysis of
XPS core-peak intensities to yfeld a coverage equivalent to ~1 atom per. high-
symmetry site along the step face (or sbout 11% of a monolayer); this exposure
also occyrs at a distinct break in the curve of coverage vs, exposure for which
the surface can be considered nearly saturated with 0. Full 360° azimuthal scans
of the Q1s intensity for this system showed pronounced XPD effects, as illustrated
in Fig. 54 for 0 = 10°. ¢ = 0° here corresponds to emission in an azimuth
perpendicular to and away from the step faces. The reproducibility of features
between the two halves of the scan {which should be mirror symmetric due to the
presence of the steps) is also very good, especially for the most pronounced peaks
between ¢ % 60° and ¢ 7 140°. Similar reproducibility was found for data obtained
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Flg. 52. The effect of changing from s- to p- polarization on azimuthal
XPD. Theoretical curves for the azimuthal dependence of S2p intensity
from c{2x2)S on Ni{001) at 8 « 10° are shown for the two polarizations
and & range of A-fold-coordinate r values from 0.08 to 2.04. (p. J.
Orders and C. S, Fadley, unpublished results, plus new experimental and
theoretical results in ref. 100.)
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Fig. 53, Three views of a sterped Cu(211l) surface as it is found to
reconstruct under oxygen expasure. Included are the three possible
high-symmetry coordination sites expected for oxygen bonding on ar

near the step faces: A w» 4-fold top, B = &-fold bottom, and C = 3-fold.
(From Thompson, ref. (B0}.)
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from (211) and (410) surfaces at different expOSures.so In general, 2 mirror
average of these two halves will give the best representation of the true XPD
peaks, and that also is shown in Fig. 54. A full set of such mirror-averaged
experimental data for six 8 vatues between 7° and 23° s shown as dashed curves in
Fig. §5, and it is clear that the diffraction features are very sensitive to polar
angle as well. The anisotropies are as high as 31% for (211) and 40% for (410).
The most reliable data range is for 10° £ 8 £ 20°, as below this the count rates
are much lower due to the instrument response function and possible residual
roughness effects, and above 1t, the anisotropies are too low due to the large
scattering angles required.

In order to next ask what the experimental data in Fig. 55 can tel) us
concerning the adsorption geometry, a series of SSC calculations was performed for
various physically reasonable vertical positions z of oxygen in the different
sites A, B and C of Fig. 53. Comparison of these theoretical curves with
experiment showed that the B = 4-fold bottom site clearly gave the best fit to
experiment, with A = 4-fold top being reasonably good as well, and C = 3-fold
being very poor. Choosing the optimum z value for each site type proceeded via
comparisons like Fig. 56 for the 4-fold bottom site at @ = 17°: it is clear here
that a z distance of 0.4-0.6 R above the centers of the Cu atoms in the step face
gives the best fit to experiment. Overall use of all six 6 values yields 0.6:0.2
A as the best estimate, and the final theoretical curves for this value are
summarized in Fig. 55. Although not all features are correctly predicted,
especially as to relative intensity, the overall agreement in the structure-rich
region for ¢ > 90° is very good, especiaily for the region 10° £ ¢ < 20° expected to
be most reliable. The search and optimization procedure used thus strongly
suggests a predominant 4-fold bottom adsorption site for this 0 exposure on
Cu(211). A minority admixture of 4-fold top adsorption also is possible.

Having tentatively solved this structure it is also of interest to see whether
any of the XPD features are capable of simple physical interpretation. In fact,
the strong peaks seen near ¢ = 135° for 7° < 8 < 20° are all found to be due to
forward scattering or Oth order diffraction from the two nearest-neighber Cu atoms
just above a B-site oxygen on the {100) step face (cf. Fig. 53). (The symmetry of
the surface also dictates that similar peaks would arise fn A-site emission as
well, but they are found to be slightly shifted in position relative to
experiment.) Alse, the general dip in intensity seen at ¢ & 100°-120° is found to
be due to enhanced inelastic scattering for emission through the step face at
angles nearly parallel to it. The excellent agreement between experiment and
theory for these simply explicable features thus further reinforces the 4-fold
site assignment.
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a plane perpendicular to the steps is reflected in the excellent agree-

ment between the two halves of the full 360" scan. The average of these
two halves has been used for subsequent structural analysis.
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Fig. 55. Comparison of experiment and SSC theory for the data of Fig. 54,
with experiment being shown here as dashed curves. The theoretical curve
are for oxygen in all sites of type B in Fig. 53 and at a distance of 0.6
above the first layer of Cu atoms on the step face; this geometry is
found to optimize agreement with experiment.
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It has thus been possible using this type of XPD analysis to tentatively suggest
adsorption geometries for several exposures of O on Cu{211) and (410)80. More
importantly, this work indicates that XPD may be able to provide unique structural
{nformation for this complex, yet chemically very important, class of surfaces
about which rather 1ittle is known. Determination of adsorbate bonding geometries
from LEED for such surfaces is a very difficult matter, for example, due to the
much larger unit cells and relatively weaker substrate effects involved ~ .

As & final and very recent example of the use of XPD in a surface-structural
study, Kono and co-worterswz investigated the {/Tx/J}R30° Ag overlayer on
Si{111). They see strong XPD features in azimuthal scans of Agdd intensity, and
have made use of kinematical theory to propose 3 new structure for this overlayer.
{See below.)

F. XPD Measurements Using Synchrotron Radiation

We have already noted in the last section that the use of polarized synchrotron
radiation may permit enhancing the sensitivity of XPD to adsorbate site type and
vertical position, and preliminary experiments of this type have recently been
performedlou. A further interesting question is whether it would be advantageous
to be abTe to tune the radiation energy so as to have photoelectron energles
either below or above those fixed by the usual XPS sources of hy = 1.2-1.5 ke¥.

Going to tower kinetic energies of say 200-500 eV would have the advantage of
yielding scattering factors less strongly forward peaked, and therefore possibly

more substrate sensitivity in azimuthal scans. Also, a useful degree of
anisotropy might persist up to higher & values, thus avoiding the need for
extremely small-angle grazing emission with its attendant low intensity and
possitle surface roughness probTems., Possible problems at lower energfes,
however, are the need for a more complicated theoretical model involving multiple
scattering {MS) effects. Very complex M5 calculations are, for example, clearly
necessary in the very low energy (~30-100 e¥) adsorbate core-level photoelectron
diffraction studies ploneered by Smith, Woodruff, Norman and co—ucrkers’oj.

A partial answer to these questions has been obtained in recent measurements by
Orders et al.'% They obtained S1s azimuthal scans from the well-defined c{2x2)S
overlayer on Ni{QO}), tuning the x-ray radiation so as to sweep the photoelectron
energy from 230 eV to 900 eV. Some of this experimental data for 8 = 10* is shown
as solid curves in Flg. 57, and it is clear that the XPD effects are very
sensitive to photoelectron kinetic energy. This directly suggests the alternate
possibility of fixing 8 at some convenient value and making ¢ scans for varfous hv
values to build up a data set for structural determinations. Also shown in Fig.
57 are 5SC curves for the known adsorbate geometry and the agreement between

Since the writing of this review, two additional aspects of XPD have
been explored: (1) The use of near-neighbor forward scattering such as

that in Figs. 40 and 41 in the analysis of epitaxial overlayer growth (W. F
Egelhoff, Phys. Rev., B30, 1052 (1984) - expt.; T. L. BuTTock ang T .(radléy.

Phys. Rev., B3T," 1212 (T985) - theory; and (2} The use of multiplet-split
core Tevels to permit spin-polarized photoelectron diffraction studies of
magnetic materials (8, STnkovid and C. 5. Fadley, Phys. Rey., 831, 4565
(1985) - theory; 8. Sinkovi¢, B. Hermsmeier, and C. E. FadTey -"expt., to
be putitished , Ph,s Waw. Loit $5,1237 (198S)) o
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Fig. 57. Comparison of SSC theory to the results cf the firet azimythal
XPD sxperiments using synchrotron radiaticn for excitation. The system
1s &gain c(?x?)s on Ni(001;, and photon energies bave been chosen to yield
electron kinetic energies of 900 eV, 500 eV, and 230 eV. The slectron
emissfon angle is 6 = 10" and the radiaticn is s-oolarized (i is parallel
to the surface). {From Orders et al., ref. {100).)
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correctly predicted as to position, and generally also as to relative intensity,
although a few deviations as to the latter are seen, especially at the Towest
energy of 230 e¥. Thus, the 55C model definitely seems useful down to a few
hundred e¥ in energy, making this region a potentially very fruitful one for
future XPD studies. A more detailed account of this study 1s in preparatioalou.

On the opposite end of the energy scale, would higher photoelectron energies of
say 10,000 eV be of any advantage? Scattering factors would be more sharply
forward peaked (cf. Fig. 35) and a single-scattering approach probably more 1ikely
to be highly accurate. However, on the negative side, the total scattering cross
sections would be lower and effects thus smaller, and angles even closer to
grazing would be needed to see significant substrate scattering. Also, the
smaller deBroglie wavelengths would lead to very fine features in the XPD patterns
perhaps difficult to resolve,

A recent theoretical study by Thompson and Fad]eyBU used SSC calculations to
compare typical XPD effects at 1000 eV with those at 10,000 eV¥. The cases chosen
for study were polar-scan intramolecular scattering in a vertically-oriented CO

-motecule with differing degrees of wagging vibration, and grazing emfssion

azimuthal scans from c(2x2)Q on Cu(001) at two z positions: in-plane at z = 0.0 i
and above plane at z = 1.0 R. Some of these results are summarized in Figs. 58
and 59. In Fig. 58, the sharper intramoclecular peak fn a polar scan for 10,000 e¥
and no vibration (ar'ms = 0°) could permit more precisely determining the molecular
orientation relative to a surface, but adding in a reasonable amount of vibration
(enns a2 10°) quickly leads to comparable FWhHM*s for both energies, and an even
lower anisotropy A”Imax for 10,000 eV¥. The negative effect of the lowered total
scattering cross section at 10,000 eV 1s also seen in the larger relative
importance of the unscattered waves. In Fig. 59, the overall anisotropy Aillmax
in an Ols azimuthal scan is shown as a function of the polar angle at which the
scan is made. The two energies and two adsorbate vertical positions are shown
separately. These curves make 1t clear that for either in-plane or above-plane
adsorption, the degree of anisotropy falls off much more rapidly with 8 for

10,000 eV electrons, and that angles <5-10° would be necessary to see significant
effects. Ffor & » 10°, almost no anisotropy is seen at 10,000 ev. This is a
direct result of the additional peaking In the scattering factors at higher
energy. The effects of increasing energy on the detailed form of the azimuthal
XPD patterns is also considered elsewhere in detailso.
be concluded that increasing kinetic energy markedly from the present XPD regime
of 103 eV does not seem to provide any significant advantages for XPD work, even
though going to lower energles does seem promising in several respects.

Overall, however, it can

F1g. 59. Cependence of overall XPD ani
adsorbate z position, and electron kin
In general, increasing 6,

to above-plane {2 =1.CA), or ip

tends to decrease the anisotropy. (Frcm Thompson, ref. (30)7)
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G. Oiffraction in core-level Auger emission

tnasmuch as Auger emission inevitably accompanies x-ray photoelectron excita-
tion, and alsp can be produced very easily by other forms of bombardment, for
example by electrons, it is of interest to ask whether similar kinds of Auger
diffraction effects may arise in emission from a single crystal. For simpiicity,
we will concentrate on Auger energles in the 500-1500 eV XPS range and on transi-
tions of the core-core-core type that are minimally influenced by chemical effects
or valence-level complexities. [In fact, prior studies of the angular distribu-
tions of very low energy {<150 e¥) core-valence-valence Auger electrons have
proven to be rather difficult to interpret, even with the use of meltiple-
scattering theory73'105.)

Fig. 28 due to Owari et ,]_5“ already contains some polar-scan substrate Auger
data of this type for the Ge L3H4.5H4.5 transition, which in this case has a
kinetic energy of 1147 eV not very different from the Geld phatoelectron peak at
1457 eV (the deBroglie wavelengths would have a ratio of 1.13, rather close to
unity). Comparison of the observed XPD curves (2) and {b) for these two transi-
tions reveals that they are very close in structure, Fig. 60 shows similar
azimuthal-scan data due to Orders et .].69 for adsorbate core-core-core Auger
emfssian from c{2x2}Se on Ni(001). The Auger transition here is the same as that
studied for Ge (L3H4‘5H‘.5) and 1t has an energy of 1311 eV extremely close to the
Se3p photoelectron peak at 1322 e¥; the de Broglie wavelengths here are thus
essentially identical. The five curves shown for different polar angles of
emissfon are essentially identical for the Auger and photoelectron peaks. It thus
seems clear that in the ~103 eV energy regime and for core-core-core transitions,
the predominant source of such Auger anisotropies 1s final-state scattering and
diffraction of exactly the same nature as that discussed in detail here for XPD.
8y implication, one would also thus expect a single-scattering theory to provide a
reasonably good description of such Auger phenomena.

Because of the much different natures of the basic emission processes for
photoelectrons and Auger electrons, 1t might at first sight seem difficult to
understand why thelr overal) diffraction effects should be essentially identical
for emission at the same kinetic energy. This, however, is sasily explained
qualitatively in terms of the forward-peaked nature of the electron-atom
scattering at these cnergies. That is, even though the basic Auger emission
intensity will be essentially isotropic for a core-core-core transition, in
contrast to the polarization-associated directionality of the photoelectron
emission (cf. Fig. 34), in either case, it 1s only for inftial emission rather
close to the final observation direction K that the scattering can be significant
enough to produce measureable diffraction effects. Thus, for most current XPS
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experimental gecmetries, the variation of the primary emissfon intensity over the
so}id angle that is effective in producing the diffraction effects will be rather
small; overall then, the XPD patterns should look very much tike their
isotropically-excited Auger counterparts, as is observed experimentally. However,
for very special polarization geometries in XPS such as the p case shown in Fig.
51, one would expect the anisotropic character of the primary emission to be more
important, and this should lead to inherent differences between photoelectron- and
Auger- diffraction effects.

In any case, it is of considerable interest that Auger electrons exhibit effects
completely analogous ta those of XPD, and this suggests that future cross
comparisons of the two types of data could be very useful in structure studies.
The same sort of SSC model should also be valuable for interpreting Auger data,
perhaps modified so as to assume isotropic inftial emission simply by removing
the 2-k and &-f; factors in fq. (28).

H. Concluding remarks and comparison to other techniques

Overall then, XPD appears to have considerable potentifal as a surface structural
tool, especially with expected improvements in angular resolution and intensfity,
as well as with the use of polarized, energy-tunable, synchrotron radiation for
excitation. The fact that a very simple single scattering theory appears to
describe these effects very well is also an advantage. Intra- and inter-
molecular scattering effects can provide very direct and simply interpretable

information on adsorbate structures, and similarly simple through-bond scattering
has also been observed for adsorption on stepped surfaces. Azimuthal-scan data
can also be analyzed by comparison to single-scattering theory so as to derive
gecnetries with accuracies that can be as high as 0.} 3. although for adsorbates
situated well abave the substrate surface (31.0 i). further improvements will be
needed to achieve high positional accuracy. Analogous Auger diffraction effects
at comparable energies of A500-1500 eV may also be useful for structural studies.
A brief comparison to some other currently used surface structural techniques is
also worthwhile here. LEED“‘42 is certainly the most used method to date, but
the accumulation of accurate [-¥ data is a difficylt task {certainly of the same
order as an XPD experiment} and the final analysis must then proceed via very
complex multiple-scattering calculations. Also, rather long-range order over a
region of 2300 R in diameter is needed to do LEED, whereas XPD should require only
very short range order, or, for certain effects, no long-range order at all beyond
that in the substrate. Reflection high-energy electron diffraction (RHEED) with
energies of '\.'IO4 eV and grazing incidence angles of ~5° 0
of both LEED {in general experimenta) geometry) and XPD (in using rather high

is also a close relative
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energies). However, to date only preliminary attempts have been made at derfving
quantitative structural information from RHEED’Dd. even though 1t is very
generally useful in a qualitative sense.

Angle-resolved UPS of valence levels has been shown to provide very useful
structural information as we111'9. but this must often rely on a rather complex
theoretical analysis of the valence states fnvolved. This analysis may also have
to include the detailed matrix elements involved in the photoemissfon process,
although in certaln cases, symmetry-based selection rules can be used to semi-
quantitatively derfve structural informatfon. Angle-resolved UPS of core levels
(often referred to as “PhD" for photoelectron diffraction) attempts to do the same
thing as XPD, but at much lower energies whers a more complex multiple-scattering
theory must be used]04; here again long-range arder {s not necessary. in general,
synchrotron radiation is necessary to fully sxploit either form of ARUPS,

Two other diffraction-based techniques requiring synchrotron radiation are
normal photoelectron diffraction {NPD)‘I'IGG (and the closely-reiated off-norma)
photoelectron diffractionlor). as well as surface EXAFS or SExAFsga']os. Neither
of these require long-range adsorbate order. Both fnvolve scans of photon energy,
but NPD is experimentally more difficult in requiring that a certain core phato-
electron peak fntensity be monitored accurately throughout this scan; thus the
monochromator flux and electron analyzer acceptance must be measured carefully at
each hv, and Auger peaks also may cause Interferences at certatn hv valyes. By
contrast, detection can be much simplified in SEXAFS. NPD seems to require
muitiple-scattering calculations for comparison to experiment in order to derive
adsorbate structures, Prior suggestions of the possibility of Fourfer trans-
forming NPD data to more easily derive distance 1nformation]]"06 do not seem to
be fully quantitatively justifiable or usefulBJ. By contrast, Fourier transforma-
tions of SEXAFS data are routinely used, with accuracies of ~0.05 i appearing to
be possible. Thus, although each of these electron-based techniques has certain
unique aspects as far as information context, 1t is also cléar that each has
certaln Timitations and/or practical problems of execution.

The use of intramolecular scattering in XPD has already been compared to deriv-
ing analogous bond-orientation information from electron stimulated desorption
(£SDIAD)90 and core-level absorption edge structure measurements®! in Section 5.c.

Finally, other surface structural techniques involving, for example, different
types of jon scattering and x-ray scattering have been reviewed recently by
Eisenberger and Feldman' %, It is again clear that each of these techéiques has
its advantages and disadvantages.

Overall, XPD thus appears to provide various types of structural information
that should well complement these other methods and be of general utility in

surface science, »
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6, VALENCE-LEVEL EMISSION FROM SINGLE CRYSTALS

A.  Introduction

As the last major subject, we turn to angle-resolved XPS spectra from the
valence levels of single-crystals. [t was first noted by Baird et 31.110 that
such angle-resolved valence spectra for Au exhibited significant changes with
emissfon directfon, and some of these earliest experimental results are shown in
Fig. 61. For electron emission along the three low-index directions {0011, [101],
and {111], the relative intensities of the two main 5d-band components vary
considerably, and there are also noticeable changes In the fine structure within
these components. Such angular sensitivity has subsequently been observed fn a
number of systems encompassing both transition metals and semiconductors,
inctuding Ag''T, cul1Z, P13, s47M, os,,11% Gasel™5, ang W' It 15 thus
clear that there may be no simple connection of a given single-crystal valence
band spectrum with something as straightforward as the non-directional total
density of electronic states, even though angle-integrated or polycrystalline XPS
studies have previously been shown to be capable of deriving density-of-states
infonnations. However, the angular dependence of such spectra may provide much
more detailed kinds of information concerning the electronic states, and it is
toward this end that two rather simple 1imiting theoretica) models have been
developed for interpreting such effects. Although much more general treatments of
the photoemission process have been presented by several authorsllT'llg, these
have not been applied to XPS in a quantitative way, and in fact, the higher energy
of excitation {vis a vis UPS) makes certain simpiifications readily possible,
These two simplified models are introduced briefly below, and their likely
Timitations and domains of applicability are discussed. Comparisons of theory
with illustrative experimental spectra are then given,

8. Simple theoretical models

(1) Introduction. A detailed treatment of angle-resolved XPS valence emission
would require accurate wave functions for both the initial state and the final
state, which involves a photoelectron at m103 e¥. Matrix elements between these

two would then have to be evaluated. Although very accurate and complete methods
for doing this have been discussed''’ 119

, it is convenient and adeguate in
discussing ARXPS to use as a starting point the simple one-electron, three-step
model of photoemission. This model predicts the kinetic energy distribution just
cutside the surface to be given by:
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where Ef is the final energy of the excitation as measured inside the crystal, E

{5 the initial emerqy from which excitation occurs, &zf is a final-state
one-electron function carresponding to wave vector If and energy Ef, o d fs the
initial-state one-electron function, E-¥ 1s the relevant operator for the radia-
tion, F{E} is the Fermi function {3 1.0 for E<EFen“1 an¢ % 0 for E>EFermi) and T
is an escape function that could allow for inelastic scattering effects and
internal reflection at the potential barrier Vo. Energy conservatien is implied
in setting Ef = Ei+hu. In XPS, the energies and mean free paths are high enough
to assume that emission involves pure bulk states and to set 7 = 1.0 for all but
grazing angles of emission (cf. Figs. 5 and 14). The sum is over all cccupied
bands and the integral over 211 initial wave vectors i‘ inside the reduged
Briliouin zone:; The initial-state band-structure can thus be dencted E‘(Ii). The,
relevant one electron functions are assumed to be Bloch functions due to the full
translational periodicity assumed for the crystal, so that the evaluation of the
X-¥ matrix directly results in a wave-vector conservation relation implied by the
delta function: ‘

e WGt (33}
Here ff ts the final-state wave vector expressed in an extended zone scheme, fi is
the initial-state wave vector expressed in a reduced-zone scheme, § is a unique
bulk reciprocal lattice vector connecting the two, and Ihu is the wave vector
associated with the radiation. In general, lfhv! = Zn/{radiation wavelength).
ihv can be neglected with respect to reduced-zane dimensions in experiments at uv
emergies, but 1t canno: be in typical APS measurements, as will be iltustrated
below for a specific example. Transitions satisfying Eq. (33) are termed direct
transitions or wave-vector conserving transitions. Eqs. (32) and (33) thus
implicitiy assume long-range order, neglect surface effects except as a potential
barrier which may produce refraction at lower takeaff angles, and do not include
any consideration of vibrational effects (which can be considered to be the
introduction of a type of positional disorder}.

At very high energies of excitation such as those in XPS, a further approxi-
mation that seems reasonable is to assume a free-electron final state inside the
crystal with momentum
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ANy (34)
and energy
2, f\2
A A TR L (35)
2m
The observed photoelectron just outside the surface would then have a momentun
pf o« ot {36)
and energy
2,12
Ein * e - Vo * LS L (37)
2m

with Kf being most simply related to ff by refraction at the surface barrier V s
as discussed previously 1n Sec. 3.C. An angle -resolved measurement of Ekl and the
direction of emission thus determines f , and, 1f v 1s known, K can then be used
to derive &f inside the crystal.

A further point first made by Shevchik]zo 1s that vibrational effects can
effectively weaken the wave-vector conservation requirement in XPS and introduce a
degree of averaging over the entire Brillouin zone such that all K paints can be
excited for all emission directions Ff+1 Such phonon-induced non-direct
transitions thus can be described in terms of Eq. (32) simply by removing the
delta function so that the integral on i1 now can have non-zero contributions for
all possible I‘ values. Let us call this zone-averaged non-direct transitien
component of emission "NDT(Ekin) and the direct-transition component as given by
Eq. (32) without modification NDT(Ekin)' Since a direct transition can be viewed
as a diffraction process, the observed strength of NDT is furthermore reduced by
vibrational effects according to a bulk temperature-dependent Debye-Waller factor
W(T) as given by Eq. (27): the relevant 8K ts here the reciprocal lattice vector
5. Then finally the total spectrum can be written as:

NeorlEgnsT) = W(TINGp{Eyg) + D1-R(T MMy {E5p) o (38)
from which it is clear that the Debye-Waller factor represents the fraction of
transitions that are direct. Shevchik pointed out that the E vectors involved in
XPS are sufficiently large that Debye-Waller factors of ~0.05-0.10 are not
uncommon at room temperature, and thus that direct transitions might be very
difficult to observe. Experiments with temperature variation alsc clearly may
involve changes in the relative importances of the two component NDT and NNDT‘

With this general background, we now discuss the two limiting madels.

{i1) The direct-transition model. This model emphasizes the component NDT of Eq.
(38) (as caleculated from Eq. (32)), and was first propesed by Baird, Wagner, and
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Fadley for interpreting angle-resolved XPS spectrallo

Rigorous wave-vector
conservation according to Eq. {33) is required for a transition to be allowed.
The matrix elements <¢Ef1l-3|¢gi> in Eq. (32) are also assumed to be constant for
all allowed transitions, so that each transition is equally weighted in summing
and integrating over the band structure Ei(Ei). The free-electron dispersion
relation of £q. (35) is also assumed, so that with Eq. {37) and perhaps 2n
allowance for refraction at the surface, the observed energy and wave vector can
finally be calculated. As noted previously in XPS, such refraction corrections
will only be important for very low take-off angles < 10°, but in applying this
same model at lower energies of ~40-160 eV they have been shown to become more
important121"22.

To illustrate the nature of Kk conservation for a typical XPS transition, Fig. 62
shows a scale drawing In % space of a possible direct transition in W invalving
photoelectron emission nearly along the [010] direction. The Brillouin zone
radius is approximately 2x/a, where a is the W lattice constant. Mgka radistion
is assumed for excitation, leading to kf values via Eq. (35} that range from
9.18(2n/a) for emission from the tottom of the 5d bands to 9.20{2r/a} for emission
from the Fermi energy. Thus, the magnitude of Ef in XPS 1s very nearly constant
over the full spectrum as judged against the Brillouin zone dimension within which
E1 is eventually to be located, although this is not true in UPS, The finite
solid angle cone of observation of the electron analyzer further distributes the
observed k¥ values over a disc-like region in K-space: in Fig. 62, this 15 taken
for illustration to be a cone of 1.5° half angle. Ehu will in this case be
0.32(2n/a) and thus clearly non-neqligible with respect to Brillouin zone dimen-
sions. Thus, its effect on wave vector conservation must be included, The effect
of {hv can be allowed for by shifting all points on the #f disc of the
observation cone by 'Ihv as shown in Fig. 62, For an assumed angle of 48° between
x-ray incidence and electron exit (a characteristic of the spectrometer geometry),
this yields the right-hand shaded disc. This disc can then be projected back via
one or more g vectors to yieid Ii points within the zone from which emission can
occur. The emission geometry here has been arbitrarily chosen so that the f
is centered along the x axis or [010] direction, and is shown as the left-hand
shaded disc. Thus, the large value of ff in %P5 produces some degree of averaging
in E1 via the finite disc sizes involved; in UPS by contrast very little averaging
is produced by this effect. Also, this finite size in XPS may make it necessary
to use different E vectors for different regions of the disc. Thus, this model
finally predicts that an angle-resolved Np7 spectrum will be proportional to the
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Fig. 62. Scale drawing in f—space of the direct transitions that would be
allowed for electron emission very nearly along the (0101 direction from
2 W single crystal, An angle a of 48° between photon incidence and elec-
tron exit is assumed, together with an analyzer acceptance of =1.5",

HgKa {s used for excitation. The emission angle has been chosen so

that kf — Ky, = ki + g lies_exactly along the 1010} direction. The
angular shift between kf and K f - kp, is 1.46%, as indicated. Those K}
values from which emission could occur will lie on the shaded disc inside
of the Brillouin 2one at left; the center of this disc lies —5/8 of the
way from [ to H along the (010} direction,
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density of electronic states as computed aover the allowed i1 region or disc, a
quantity much different from the tota? density of states.

This direct-transition model was first shown to successfully describe normal
emission angle-resolved UPS spectra from Cy at the lawer energies of
40 £ hv 2 200 eV by Wagner Et];:llzz' and it-has suhseq:ggt?y alsc been usTg“t?zs
map band structures of metals and semiconductors in both rormal-""""
and off-nu:u-mal]z]‘122']26 enission {where refraction may become important). [ts
utility in describing XPS spectra we discuss in the next section, but it is
important to note that a Debye-Waller factor of too small magnitude would make
direct-transition effects very difficult to see. In fact, for the example of Au
in Fig. 61 at room temperature, W = (.04, so that direct transition effects would
certainly be very weak at that temperature; cooling Au to 4°K would by contrast

yield approximately 65% direct transitions in Eq. {38}.

{iii) The plane-wave matrix-element model. The second approach was first
discussed in connection with XPS by McFeely et al.]l] Although Eq. (32) is again
used as a starting point, it is here assumed that [1 gonservation is somehow nat an
important selection rule, or equivalently that all ' values in the zone can
contribute to emission in a given ff direction. The most likely source of this
12?, but it
was also originally suggested that final-state complexities due to electron
scattering might cause such averaging as welI]]]. In this limit of complete zone
averaging, only the matrix elements of Eq. (32) remain as weighting factors of all

of the occupied initial states to produce variations fn spectra with direction,

full ii averaging is vibrational effects, as pointed out by Shevchik

These matrix elements are further assumed to be calculable by using plane-wave or
free-electron final states of the form ¢;f(?) = exp(iffoF). and tight-binding or
LCAD injtial states. The matrix elements then can be shown to have the form of
linear combinations of Fourier transforms of atomic orbitals. There is also a
further simplification in that the angular shape of the arbital in real space

(for example, p. or d 2 2) is preserved in the Fourier transform in if space

X'-y
{for example, a Py orbital shows preferred emission along *x, and a d 2 7
X -y
orbital along :x,ty}. Thus, fnformation concerning the atomic-orbital makeup of a
given set of levels is in principle derivable by analyzing the directionality of

emission.

X

This plane-wave matrix-element model would not be expected to be useful at low
energies where direct transitions are gemerally more important, and moreover the
final states are expected to be much more complex than plane waves. In fact, the
use of such matrix elements in Eq. (32) in an attempt to improve upon
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direct-transition mode)! calculations for Cu at ~40-200 eV was found to markedly
123

decrease agreement with experiment™ ™.

C. Comparisaons of experiment and theory

Fig. 61 shows results of some of the eariiest XPS studles of this type and
compares XPS+spectra for Au with emission aleng [001], [101], and [111] with
theoretical curves generated by both the direct-transition (DT) and plane-wave
matrix-element (ME) modelsﬁ'110'11l. Although the DT mode! predicts more change
than is seen experimentally, both models qualitatively agree with the spectral
variations seen experimentally. However, as already pointed out, the Debye-Wailer
factor for this case is only 0.04, so that the DT madel 1s not appropriate for
this particular case and its agreement with experiment must be viewed as
fortuitous. However, Sayers and McFeely a7 and Goldberg et al.25 have subse-
quently made more accurate matrix-element calculations relevant to zone-averaged
tight-binding matrix-elements and they conclude that much of the ME agreement in
Fig. 61 is fortuitious as well. Ley et a1.‘!5 have however, been able to use this
model in describing changes in angle-resolved XPS spectra from Mosz. GaSez. and
SnSez. Thus, it remains to fully resolve the degree to which the plane-wave
matrix-element model can be used in XPS for systems where full zone averaging is
expected.

A final important question is thus whether direct transitions can be observed at
all in XPS, but this has been unambiquously resolved in the affirmative with
recent studies by Hussain and co-workersTO']Is. The tungsten system chosen for
study has an especially high Debye-Waller factor at room temperature: W = 0.35 at
00K, Thus A55% of the transitions at this temperature ocught to be direct, and
angle scans might be expected to produce spectral variations predictable by the
direct-transition model. Also, raising the temperature would be expected
according to €£q. (38) to reduce the effect of direct transitions, leading to more
importance of zone-averaged matrix elements via NNDT‘ thus, any significant change
in spectra with temperature would.be suggestive of direct transitions.

Fig. 63 shows a room-temperature azimuthal scan of W valence spectra at a polar
angle of 8 = 63.4° with respect to the (001}-orfented crystal surface; the
azimuthal steps were 5°. The solid-curve experimental spectra show marked changes
with angle, particularly as to the relative intensities of the components labelled
1-3. {Component 1 at 4.8 eV below Ef in particular is very strong at $ = 0° and
45°, and very weak at ¢ ~15°. The dashed curves in the figure are based on the
direct-transition model and make use of Eq. (38} with Nygp taken to be the total
density of states for W as a reasonable first approximation to this quantity that

Angle-Resotved X-ray Photoelectron Spectrascopy
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Fig. 63. Tungsten XPS valence-band spectra at T = 295°K for 3 5*-step
azimuthal scan from ¢ = 0° to 45° and a polar angle of 63.4°. Experi-
mental curves (solid lines) are compared to theoretical curves (dashed
1ines) as calculated using Eq. {32), with Typr(E) assumed to be propor-

tional to the total density of states. {From. Pussain et al., ref. (116).
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is in any case not expected to change rapidly with direction. Even though this
theocry thus totally neglects matrix element effects in both NDT and NNDT' it
correctly predicts all of the trends in relative intensity change found
experimentally, including for example, the marked drop in importance of the 4.8 eV
peak at ¢ 3 15°. As a more guantitative fadicator of the peak intensity changes
with ¢, Fig. 64 shows the ratio of the 4.8 eV peak to that at 2.3 eV¥ for the
azimuthal scan of Fig. 63 and another at 8=33°, Here again all of the
experimental features are predicted by the direct-transition model, even if
somewhat more dramatically than is actually cbserved. Some of the small
discrepancies remaining are no doubt due to the neglect of matrix elements in the
model. Similar agreement is found also for peak intensity ratios from polar scans
of spectral]ﬁ.

A further impertant cbservation made in this work
vector clearly influences the wave vector conservation in the manner expected.
Fig. 65 overlays a palr of 2°-step symmetry-related polar scans around the [102]
and [201] directions, and these would be superimposable with the [102] spectrum
over that at [201] 1f K, were not significant. Including the effect of K, (as
shown in the figure insets) produces 2 4.0° shift in matching the two scans. This
shift, together with a 0.6" refraction correction, yields an overall value of 4.6°
in very good agreement with the 6.0° empirical shift needed to make the spectra
optimally agree with one another. Without such a shift, the agreement is very
poor, for example, the {102] and [201] spectra are very different.

The pronounced temperature dependence of W valence spectra also supports the
presence of direct transitions in W near room temperature]ls. as is shown in Fig.
66. Here, spectra obtained at two azimuths that are 6° apart for 8 = 33° are
shown as a function of temperature. At 295 K with a Debye-Waller factor of 0.55,
the two spectra are very different, particularly as regards the 4.8 eV component,
but they become essentially identical at 1000K where the Debye-Waller factor is

18 is that the photon wave

down to 0.14. The marked difference at 295K suggests direct transitions, as
zone-averaged matrix elements by themselves would not be expected to alter
intensities that rapidly with ¢. Conversely, the near identity of the spectra at
T000K is thus attributed to the slow varfation of the now dominant zone-averaged
matrix elements with direction,

Such temperature-dependent data can also be used to decompose spectra into their

Nor and Nyoy componentsllﬁ. as Eq. (38) indicates that measurements of N at any

tot
two temperatures, together with calculated W values at those temperatures, can be
used to solve for NDT and NNDT' This is found to yleld self-consistent
decompositions into components for various spectra and various pairs of tempera-

tures, as shown in Fig. 67. The direct-transition components so isolated

Angle-Pasolved X-ray Photoelectron Spectrascopy s
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Fig. 64. Azimuthal dependence at T = 295°K of the relative intensity of

the W valence-band peak at — 4.3 eV (cf. Fig. 63). The intensity of this
peak 1s measured with respect to that at — 2.3 eV, and results are shown

for polar angles of both 63.4° and 33°. Both experimental and direct-
transition theoretical curves are shown. (From Hossain et al., ref. {116}.)
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Fig. 6%. Effect of photon wave vector [4 v On wave vector compservation in

W valence-band emission at T = 295°K. Ashift of 6.0° is needed in order
to match spectra obtained at ¢ = 0° and various 8 values near the symmetry-
equivalent (2011 and (102} directions; most of this shift is due to ky,,

as explained in the insets. (From Hussain et al., ref. (116}.)
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Fig. €6. Temperature dependence of W valence-band spectra for & = 33°
and emission along two azimuths separated by 6°. The temperatures and
their associated Debye-Waller factors are also given, along with the
relative intensity of the peak at - 4.8 eV {as measyred in % of that
at - 2.3 e¥). (From Hussain et al., ref. (116).)
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furthermore agree very well with pure direct-transition calculations of NDT only.
This method thus could be very useful in future band:mapping studies using %PS.

As a further example, Hussain et al.10 have carried out the first swept-hu
angle-resalved XPS study of valence spectra, again on tungsten to emphasize direct
transition involvement. These measurements were done in norma) emission from W
{011) with monochromatized synchrotron radiation in the range 1100-3250 e¥. Some
of the results are shown in Fig. 6B together with direct transition calculations
of the same type as theose in Fig. 63. The agreement with experiment is thus
excellent, especially with regard to the relative intensity change of the peak at
4.8 eV, thereby providing more support for the applicability of the simple
direct-transition model. .

As a final point concerning the direct-transition model, one can ask why it
works as well as it does and why, far example, complexities in the final state
wave function do not cause significant deviations from se!11.328 Such” final-
state complexities can be considered most simply as the mixing in of other plane-
wave components exp(i(ff+§')-?) to an initial exp(iff-?) excitation via diffrac-
tion events associated with the reciprocal lattice vectors §'. Here, §' fs not the
same as the E involved in the primary % conservation, but may be another bulk E
vector or a vector associated with the reciprocal lattice of the surface. That
such §' mixing events may be very weak in XP5 is reasonable in view of the
forward-peaked nature of the electron-atom scattering factors (cf. discussian of
Sec. 5.B) that must be invelved in producing such diffracted waves, An additional
effect of possible importance is a smearing in If due to the inelastic scattering
that effectively limits the wave function to a reqgion of order A_ in size along
its propagation direct10n1‘9. Thus, the uncertainty principle d?ctates
ak AE ~ 1/2 or 4k X 1/2Ae as a reasonable estimate of such smearing. That is,

a tf disc such as that in Fig. 62 will come to have an added thickness Akf along
ff. anwever, for the specific example of W with a mean free path in XPS of

VI3 A, Akf x 0.02(2n/a), which is not very large compared to the Brillouin zone
size as represented by {2n/a). Direct calculations also verify that this much
smearing along the propagation direction does not significantly alter the

even though such Akf effects appear to be important for
Thus neither of these two

predicted XPS Spectra.116
understanding UPS spectra in the 40-200 e¥ regionlzz
final-state complexities appears to be highly significant in describing XPS
valence spectra.

D. Concluding remarks

In conclusion, although it may at first sight appear to be difficult to see
direct-transition effects in the XPS spectra of many systems due to Debye-Waller



380

Charles 5. Fadley

Pk RRL RN S Al B A S A
wiQll} :
Normal ermission

Intensily (orbirary wnits)

Fig. 6B. Comparison of direct-transition theory to the first XPS

valence-band experiments making use of tunable synchrotron radiation,

Emission was normal to a W{Qll) surface; the gecmetry is shown as an
inset. (From Hussain et al., ref. (10}).}
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attenuation, the inherent simplicity of the theoretical model which describes such
affects at high energies of emission mzkes such measurements very appealing for
band-structure studfes. In fact, with the possible use of cryogenic cooling to
increase W (see table of representative values for different slements in ref. 116)
and muliti-temperature measurements to permit isolating the direct-transition
component, it should be possible to expand the range of systems that could be
studied in this way. Using synchrétron radiation at lower energies of

~ 200-400 eV would also reduce |J| and thus increase W while at the same time
probably retaining the desired theoretical simplicity. Alsoc, decreasing the
angular acceptance of the anaiyzer would be very beneficial in reducing the size
of the disc over which E‘ is averaged, thereby providing more precise band mapping
information,

To provide some indication as to how much increased angular resolution might
affect such spectra, Fig. 69 shows recent direct-transition theoretical curves by
Hussain and Fad\ey129 for several very close-lying emission directions above a W
{001) surface at two different angular apertures: :1,5° and +3.0° {at about which
all prior XPS experiments have been carried out). It is clear that the =1.5°
curves are much more sensitive than the £3.0° curves to small changes in emission
direction. The $3.0° curves are expected to show a greater degree of zone
averaging, and this 1% borne out by the fact that at least some non-zero
direct-transition intensity is predicted over the entire valence band region from
0-7 eV for all of the angles shown, By contrast, the :1.5° curves exhibit greater
differences, sharper features, and regions of zery predicted intensity (e.g., at
~3 eV for 8 = 56° and 57°). Furthermore, an analysis of these calculations shows
that the £1.% curves for certain angles directly reflect that the t' disc s
centered very near a high-symmetry 8rillouin zone point. For example, for & =
539, the disc center is near N and the 3-pesked structure reflects the 3 bands
there]sc. whereas for 8 = 56°, 57°, the disc is near H where only 2 single
low-1ying band lies below the Fermi levellao. The positions of the major peaks
noted at these angles also correlate very well with band positions. Thus, for the
first time, it is possible to predict that high-angular-resolution XPS can provide
detailed point-by-point mapping of band structures. Recent experiments on W in
our laboratory at a }.5° resolution131 also confirm this enhanced sensitivity to
angle, and the results are alse consistent with direct-transition theory.

Finally, it would certainly be of interest from a theoretical point of view to
further explore the calculation of the relevant K-¥ matrix elements involved in
such studies, as a fully accurate treatment of either direct transitions or
zone-averaged non-direct transitions requires accounting for them and it is at
present unclear as to whether a simple model can be relfably used to include them.
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As a final comparison to the closety-related use of angle-resolved UPS to study

valence 1evels7'9. it is clear that this technigue has contrituted very much to
our understanding of both bulk- and surface- électronic structure. In general, it

can be carried out at higher resolutions than ARKPS (~0.2-0.3 e¥ in UPS compared

to ~0.5-1.0 e¥ in XPS), and both phonan effects and k smearing due to the finite
analyzer acceptance core are much less as problems due to the much smaller
energies involved. However, a detailed analysis of ARUPS data may require
knowledge of both the initfai- and final- state band structures, as well as a
proper inclusion of both matrix elements and myltiple-scattering effects. 1In
ARAPS, by contrast, a very simple theory seems to describe the data very well, at
least as far as the direct transition component is concerned. Thus, it seems that

ARKPS will serve as a very vseful complement to ARUPS, especially in bulk band

structure studies.
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