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ABBREVIATIONS AND ACRONYMS

AED Auger electron diffraction

AFD azimuthal photoelectron diffraction

ARPEFS angle-resolved photoemission fine structure {acronym for scanned-
encrgy photoelectron diffraction)

CMA cylindriczl mirror analyzer

DL doubie-layer model]

EELS electron energy loss spectroscopy

ESDIAD electron stimulated de-otption ion angular distributions

EXAFS extended X-ray absorption fine structure

FT Fourier transform

FWHM  full width at half maximum intensity

GIXS grazing incidence X-ray scattering

HT high temperature limit (in SPPD experiment)

LEED low energy electron diffraction

LT lower temperature of measurement (in SPPD experiment})
ML monolayer

MEIS medium-energy ion scattering

MQNE  magnetic quantum number expansion

Ms multiple scattering

MsC multiple scattering cluster

MTL missing-top-layer model
NEXAFS near edge X-ray absorption fine structure = XANEs
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NPD scanned-energy photoelectron diffraction with normal emission
ODAC  one-dimensional alkali-chain model

OPD scanned-energy photoelectron diffraction with off-normal emission
PD,PhD photoelectron diffraction

PLD path-length difference

PPD polar photoelectron diffraction

PW plane-wave scattering

RBS Rutherford back scattering

SEXAFS surface extended X-ray absorption fine structure
SMSI strong metal support interaction

SPAED  spin polarized Auger electron diﬂ’ratftion

SPPD spin pelarized photoelectron diffraction

SRMO  short-range magnetic order

SS single scattering

§8C single scattering cluster

STM scanning tunneling microscopy
SW spherical-wave scattering

XANES  X-ray absorption near-edge structure = NEXAPS
XPD X-ray photoelectron diffraction, typically at energies of 500-1400 eV
XPs X-ray photoelectron spectroscopy

1. INTRODUCTION
A knowledge of the ztomic identities, positions, and bonding mechanisms within

e first 3-5 la rsofasuufaoeisesenﬁaltoanqug:ﬁhﬁvemw
u“;xderstanding o{'esurface phenomena. This implics knowing bond directions,
bond distances, site symmetries, coordination qumben, and the degree of both
short-range and long-range order present in this .se_lvedge region. A number of
surface-structure probes have thus been developed in recent years in an ltte‘mpl
to provide this information.! Each of these methods has certain unique
advantages and disadvantages, and they are often complementary to one another.

We will here concentrate on the basic experimental and theoreuul aspects of
photoelectron diffraction (PD or PhD) and its close rehuv‘e, Au.ger electron
diffraction (AED). Although the first observations of strong dlmon effectsdu;
X-ray photoelectron emission from single-crystal substrates by Siegbahn er L
and by Fadley and Bergstrom® took place almost 20 years ago, and the use
such effects at Jower energies to determine surface structures was proposed by
Liebsch® 15 years ago, it was not until about 10 years ago th.lt’ quantitative
experimental surface-structure studies were initiated by Kono e al.,* Woodruff er
al,® and Kevan et al.” By now both photoelectron diffraction and Auger el roa
diffraction are becoming more widely used to study surface atomic gemm!tl'm:-hese
We will thus consider here both the present status and future of e
methods, and then return at the conclusion of this chapter 10 make a cri
comparison of them with several other surfaoe-muctlfre probes.mch;as LEED,
grazing incidence X-ray scattering (GIXS), and scanning tunneling microscopy

(ST™M).
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The basic experiment in PD or AED involves exciting a core photoelectron
or a relatively simple core-like Auger transition from an atom in a single-crystal
eavironment and then observing modulations in the resulting peak intensities that
are due to final-state scattering from atoms neighboring the emitter. For a general
Auger peak of the type XYZ, it is thus important that the upper levels ¥ and Z
involved are not 50 strongly influenced by chemical bonding as to induce an
anisotropy in emission that is more associated with initial-state electronic
structure. The directly emitted photoelectron- or Auger electron-wave exhibits
interference with various scattered waves, and this interference pattern is
analyzed to derive structural information. Peak inteasities can be monitored as a
function either of the emission direction or, in the case of photoelectron
diffraction, of the exciting photon energy. In AED, excitation can also derive
from anything producing core holes: an electron beam, VUV/soft-X-ray radia-
tion, or even an ion beam.

The three basic types of measurement possible are as shown in Fig. 1: an .

wzimuthal or ¢ scan, a polar or 8 scan, and, for photoelectron diffraction, a scan
of energy in a normal! or off-normal geometry. Several abbreviations and
acronyms have arisen in connection with such measurements. With soft X-ray
excitation at sbout 1.2-1.5 keV at the typical X-ray photoelectron spectroscopy
(XPS) limit, scanned-angie measurements have been termed X-ray photoelectron
diffraction (XPD).** Scanned-energy photoelectron measurements spanning the
VUV-to-soft-X-ray regime have also been called normal photoelectron diffraction
(NPD},”** off-normal photoelectron diffraction (OPD)," or angle-resolved
photoemission fine structure (areers)® to emnphasize their similarity to the more
familiar surface extended X-ray absorption “fine structure (sexars).'* Both
standard X-ray sources and synchrotron radiation can be used for excitation, with
photon energics being as low as 60eVS1™18 504 o high as a few kev.78.10
Syachrotron radiation adds the capability of varying the photon energy con-
tinuously and of studying the dependence of the diffraction on polarization.

The degree of modulation of intensity observed in PD or AED experiments
an be very large, with overall values of anisotropy as high as sl i) o =
Alflpy, = 0.5-0.7. Thus, it is not uncommon to observe 30-50% changes in the
peak intensity as a function of direction or energy, and such effects are relatively
easy 1o measure. This is by contrast with the related surface-structure technique

AGURE 1. The three basic types of photoslectron
o Auger slectron measurement: an

releired S0 as azimuthal photoslectron
Mwm.mmmum Fizad by hr variad
Sarmthel angle, relerred 10 88 polar photosiscron o Of-
@kaction or PPD; and & scan of Av in fixed A o ."&;‘.,'..m
ometry shat cen be done only In photosiectron 4 -
Mmummwaw

fomal 1o the surface {dencisd NPD or OPD,
been referred 10 a8 angie-resoived photoemission
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16 in which typical modulations are about one tenth as large. This
ggﬂ:i;::’ u-llses {mmtyrhe fact that sexars effectively measures an angle.
integrated photo electron diffraction pattemn as a function of encrgy, and it is not
surprising that this integration averages Over vamous phases and leads 1o

iderably lower relative effects.
m\tmshzﬂ consider both scanned-angle photoclectron and Auger mu!t_s and
scanned-energy photoclectron results here. To d?te, mnned—angle studies are
tauch more numerous; this is due to their greater nmghuty. since mned-en?rgy
work has several requirements in addition: the sweeping of photon energy with 3
synchrotron radiation source, the correct normalization of photon ﬂl.!.xﬁ and
clectron-analyzer transmissions as a function of energy, and the possibility 0{
allowing for interference between Auge‘r peaks and photoelectron peaks. in
certain kinetic-energy ranges. Finally, it requires more-complex theoretical
calculations in that scattering phase shifts n_ad other nonst:'?;ntzl‘ual parameters
have to be generated for all of the energies in a scan. However, an
advantage in scanned-energy work is that Fourier transform (FT) methods can be
used to estimate the path-length differences for various strong scatterers. ™
A key element in either photoclecl.r‘on or A_uger electron dnfﬁ'acu_on is the
energy dependence of the relevant clastic-scattering factors. Figurv_c 2 1llus1.nr.es
this for the case of atomic Ni with curves of the plane-wave scattering amplitude
|fi} as a function of both the scattering angle t?m at!d the elmn energy. l_’or
low energies of 50-200 ¢V, it is clear that therc is a high amphtu_dt: for scattering
into all angles. For the intermediate range of about 200-500eV,itisa msompie
approximation to think of only forward scattering (_8,.. = (") and :mertlh?:
(6y; = 180°) as being imporiant. However._ax enesgics abo*\!e SO_Oe , we sec b
the scattering amplitude is significant onlymlhe_fot‘v{ard duecuon,m::whxchn :
strongly peaked. The degree of forward peflung increases as the energy
increased. The utility of such forward scattering at lngher esn;r;m _mh:r&ce-
structural studies was noted in very carly XPD investigations, ™ ‘“,‘,‘;, it more
recently been termed a “‘searchlight effect™" or “‘forward focusing nt‘m cnnne:;
tion with XPD analyses of epitaxial overlayers. This c!fect turus out to be one
the most useful and simply imerpretable. aspects of higher-energy phototel.e::tmﬂ‘:.f -
or Auger clectron diffraction, and we will make refcrenoe to it in severﬂﬁm e
examples considered in following sections. These qualitative observal

e

(=)

O T P Y 180~ Ramsaver-Townsend effact. (From
Fomano SCATIERING ANGLE, 8, o 1)
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cerning the energy dependence of the scattering factor will later also assist in
explaining which multiple scattering effects may be the most significant. A special
sspect of such scattering factors is that they may exhibit zeroes for certain angles
and encrgies; this has been termed a generalized Ramsauer—Townsend effect,
and its influence on the analysis of Areers data is considered elsewhere. 2!

A final important aspect of either photoelectron or Auger electron diffraction
is that both are atom-specific probes of shori-range order. Thus, each type of
stom in a sample can in principle be studied, and each will have a unique
diffraction signature associated with the neighbors around it. Previous work
shows that the principal features of diffraction curves are due to the geometry of
the first 3-5 spheres of scatterers around a given emitter, although data may
exhibit useful fine structure that is associated with scatterers as far as 20 A
away.®% This short-range sensitivity is thus shared with sexars. We will later
point out the potential uses of PD and AED in studying the degree of order
present in the near neighbors of the emitter. N

The remaipder of this chapter begins by briefly reviewing the experimental
requirements of these methods and considering both the simplest single-scattering
mode! and other more accurate models that have been used to analyze both PD
and AED data. The bulk of the text discusses several illustrative cases to which
these techniques have been applied. This is not intended to be an exhaustive
fisting of all such studies to date, but the examples have been chosen to
demonstrate certain basic phenomecna, to illustrate the range of structural
information that can be obtained, and to provide some idea of the different
classes of systems that can be fruitfully studied. In certain cases, the limitations of
the analysis ot the need for future improvements are pointed out. Finally, some
particulatly interesting new directions for the future are discussed, and com-
parisons to other currently used structural probes are also made.

The studies discussed represent a mixture of work utilizing both standard
X-ray or electron excitation sources and synchrotron radiation, with the number
of investigations using standard sources certainly being greater to date. Thus, the
wethods discussed here are not limited to synchrotron radiation, by contrast with
several others discussed in this volume.¥#* However, both PD and AED will
benefit greatly by the use of the higher-intensity facilities in the vacuum
ultraviolet/soft X-ray range that are now becoming more available, and we return
to this point toward the end of the chapter.

2 EXPERIMENTAL CONSIDERATIONS

The basic experimental requirements for carrying out photoelectron or
Auger electron diffraction measurements are relatively simple. A minimal
&xperiment can consist of the excitation source, a specimen holder with only one
s of angular motion (usually the polar angle as defined in Fig. 1), and an
electron energy analyzer with an angular resolution of at least approximately 15°.
Thus, most of the commercially available hemispherical analyzers are suitable,
and even a cylindrical mirror analyzer (CMA) with some sort of baffle at its entry
flit can be used. Peak intensities can be measured very simply as the difference in
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height between some point at the maximum and a point in the high-energy
background. Measurements at this level are thus quite casy to tlalkg, and
interesting surface-structural information has been obtained from them.

Going beyond this minimal experiment to be able to tap all of the
information available in the diffraction pattern involves several possibic
elaborations:

» The specimen holder should have both polar and azimuthal axes of
rotation {cf. Fig. 1} so that the electron emi_s:ion Mon can be or.iem,,d
arbitrarily with respect to the surface. The optimal scanning upabxl_mes in this
case are 1o be able to vary 6 from grazing excitation incidence to grazing electron
tandtovary¢overnfuu360°ormm.1hf}aneruveqwh
establishing the symmetry of the surface and for venfymg the reproduubuhty.of
features from one symmetry-equivalent azmuthal duecuon to another Scanning
¢ovcritsﬁﬂlnngeisthemoctdiﬂiwlttomhnevempnct_wenfth?rem
electrical or mechanical conmections to the sample for_heaung, coolmg. o:
measuring temperature, but designs of this type have heefl in use for some time,
The reproducibility and accuracy of both of these motions should be at least
+0.5°, with even smaller values on the order of +0.1° being required for very

igh an resolution work. i i
hlgh- ::lt:mated scanning of spectra, determining of peak intensities by more
accurate area-integration and/or peak-fitting procedul:es. and siepping of angles
under computer control are also cssential for efficiently :gmmng the most
reliable data. Systems for doing this are discussed elsewhere

« It also may be desirable to rotatebebo.t:kthe speumet::nd tbeuulyzer (o:
excitation source) on two axcs so as {0 to orient excitation source al
various positions)with respect to the electron emission dnecnon In phomehcfmn
diffraction, this permits making use of the radiation polarization to_preferenm'lly
excite the direct wave toward different scatterers while at the same time observing
the electron intensity along a special direction.* This is particularly important in
studies utilizing synchrotron radiation. In Auger elemon_ diffraction, it can also
bcuseﬁ:lforamsingthedegmetowhichthepenemqano{thenngﬂux
glong different incidence directions influences the outgoing de pattem,
even though rcsults to date indicate that such effects are minor.™ (Similar
anisotropic penetration might also be expected with X-rays due to Bragg
reflections,> but such effects have so far not been found to be significant in

ectron diffraction pattemns.) ,
pm?ellmprom' g the angulaxp‘ resolution of the analyzer to the order of £1.0° has
also been found to yield data at higher energies with considerably more gn;
structure.™®* Achieving this may involve specially designed entrance optics,
or more simply the use of movable tube-nmybnmesntthe?nu-y to & more
standard analyzer.® High-resolution results of this kind will be discussed in more
detail in sections 4.2.1, 4.2.2, and 5.1. .

« Improving the energy resolution ofthesyuemtoontheorderofo.le\{ﬂk:
also desirable, because it permits resolving small chemical shifts or surface sh:.
of core levels and studying the diffraction patterns of these species separately.

* Scanning angle orenergyobviouslyinvolvesanaddedoostmumeioran!'
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study, and s0 it is desirable to have the highest overall count rates. This can be
schieved by using a more-intense excitation source (as, for example, from
insertion-device-generated synchrotron radiation) and/or the most efficient and
highest-speed electron analyzer and detection system. Making the latter as
effective as possible is important, since there are always potentially deleterious
effects of radiation damage as the excitation intensity is increased. Analyzer
improvemeats include the use of multichannel energy-detection systems involving
scveral singlechannel electron multipliers or a microchannel plate®™™ and the use
of special spectrometer geometries in which spectra at several angles can be
recorded at the same time.’*™ However, a potential disadvantage of systems
recording several angles at once is that the angular resolution may be limited,

particularly if it is desired to scan kinetic energies to several hundred eV. A final

method for increasing data acquisition rates with a pulsed synchrotron radiation
source is to use a time-of-flight analysis system;™ a logistical problem with such
systems however, is that they may require running the storage ring in a less
frequently used “timing™ mode with fewer electron bunches. Leckey™ has
receatly reviewed many of the more novel proposals for analyzers with high
encrgy resolution, high angular resolution, and/or high data acquisition rates.

* Finally, if scanned-energy photoelectron diffragtion is to be performed, it
is essential to use & reasonably stable synchrotron radiation source and to have an
analyzer system whose transmission properties as a function of energy are well
understood. This is because photon energies must be scanned in small steps over
a total period on the order of hours in present experiments, and the influences of
both the decay of photon flux with time and the change of the analyzer's
sensitivity with kinetic energy must be corrected out of the finat intensity data so
&5 to yield something that is truly proportional to the energy-dependent
photoelectric cross section in & given emission direction. Methods for making
these corrections are discussed elsewhere.®°

3. THEORETICAL MODELING

3.1. Single-Scattering Theory
3.1.1. Overview of Mode!

Since the first theoretical paper on low-energy photoelectron diffraction by
Liebsch,’ seversl detailed discussions of the modeling of photoelectron and
Auger electron diffraction have appeared in the literature. 15212425048 Thc e
will begin here by presenting only the esscntial ingredients of the simplest
approach, the single-scattering cluster (SSC) model, and then comment toward
the end of this section on several improvements that can be made to it, as well as
on some effects expected due to multiple scattering (MS) events.

The basic elemeats of this single-scattering cluster model are shown
wchematically in Fig. 3(a). The fundamental assumptions are essentially identical
10 those used in describing extended X-ray absorption fine structure (Exars),*
and a similar model has also been applied some time agd to angle-resolved Auger

. tmission at very low energies of $100eV.* We consider photoelectron emission

first and then discuss the modifications required to describe Auger emission.
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the used in the single-scatiering cluster (SSC) madel, wih
FIGURE 3. (a) Mustration of mmwd fiple-scattering comsctions 10 e SSC

backacattering scatiering by te
from menmmmw
mmm.zimmmwmmmumw?x.m
-maumwmmamw >!

inddentonsomeatominaduﬂfr.from
itti tom is

ich it ejects & core-level photoelectron. (In Fig. 3:. the emitting & Sbo"“_ oW

:;‘:h &:emﬁoel , but it oou‘l,d as well be any atom in the substrate.) If the initial

core-clectron wave function is denoted by ¥.(t) and the final photoelocut::n W:;‘:
function corresponding to emission with wave vector k by w(r, k),

Radiation with polarization ¢ is
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observed intensity will be given in the dipole approximation by
k) = [(y(r, k)€ - |y () 0y

The final-state wave function in single scattering is further described as being the
superposition of a direct wave ¢ofr, k) and all singly scattered waves @y(r, r; — k)
that result from initial ¢y emission toward a scatterer f at r; and then subsequent
scattering so as to emerge from the surface in the direction of k. Thus, the overall
wave function can be written as?'*'

¥l k) = 9o(e, &) + 3 Be; — k). @

Because the detector is situated at cssentially infinity along k, zll of the
waves in Eq. (2) can finally be taken to have the limiting spherical forms
¢o = exp (ikr)/r or ¢; « exp (ikIr — r;])/|r — r;|, 2lthough the effective ampli-
tudes and phases of each type in a given direction will be modulated by the
photoexcitation matrix clement and, for each ¢, also exp (ikr)/r; and the
scattering factor. Flux conservation also dictates that the portion of ¢, which

- passes to the scatterer j t0 produce ¢; decays in amplitude as a spherical wave, or

a5 1/r,. This decay is a principal reason why PD and AED are short-range probes,
although the effects of inelastic scattering contribute additionally to this. If the
scattering angle is 6, the overall path length difference (PLD) between ¢, and
any ¢, is (1 — cos 8;), and it is these PLDs that provide most of the bond-tength
information in photoelectron or Auger electron diffraction.

3.1.2. Matrix Elements and Final-State Interference

When this model has been applied to photoelectron emission, the dipole
matrix element has usually been treated as involving a p-wave final state (that is,
the case that is appropriate for emission from an s subshell). This yields a
matrix-element modulation of the form & - k for an arbitrary direction of emission
£214! For emission from other subshells with { not equal to zero, more complex
expressions including both of the interfering / + 1 and 7 — 1 channels are
involved,®“**" and we return below to consider how important these effects
an be. However, at higher energies, the assumption of a p-wave final state
bas been found to be reasonably adequate in several prior studies of non-s
emission."“"""”

Since the differential photoelectric cross section do,,(&, k)/d$2 is proportional
to intensity rather than amplitude, another possible approximation might be
10 use a ¢, modulation of [do,,(8, k)/dQ]"2** Although this is not strictly correct
and it also does not account for possible sign changes in the matrix element with
direction due to the photoelectron parity,'*>? it may be a reasonably adequate
approximation for higher-energy XPD in which the forward-dominated electron-
sxattering process selects out r; choices very nearly paraliel to k. That is, for the
fange of 1; directions near the k direction that produce significant scattering, the
matrix element varies little, so that 2 very precise description of it is not required.
In fact, predicted XPD patterns have not been found to be very sensitive to the
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exact way in which the matrix-clement modfxlauon lndud::d q_t r:osvl::; e:::m?'
such simplifications are not generally possible, however, e ) ?:
example, recently shown that not using the correct ﬁnalm_ © angul mmoﬂ,‘m f
can have a strong effect on predicted azimuthal diffraction pa rgies o
muéusdo:ezs;al-sutc momentum and interfere‘r:ce effects have been :ftumed in
more detail recently by Friedman and Fadley,* who have :lddemu::n 54. newly
developed Green’s function matrix approacih due to Rehr ted'in Rﬁgp,:.
sentative results as a function of electron k.lnenc energy arer m nF :‘, n;
Here, a Cu emitter is 3.5 A away from a single Cu scatterer, e dilleem
electron kinetic energies of 100, 3(_)0, an_d 1000 eV are oomciered: ofumng .
all cases full spherical wave. The intensity fluctuations as alﬁmcnon_ e hﬂmnmng:
angle are normalized to the unscattered mtenmy]olsx.- [the mm rdes o
illustrate in these calculations on.ly the effects Ofo;morbim s amglar
momenta that are involved, emission from a ﬁna.l-eztite > ) :
reference. For this p-emission case, the correct e terference involves

(L] Cu2p
Single Scalterer @ 3.5 A
KE = 100 &V

FIGURE 4. Theorelical caiculalions of elec-
fron scattering from a single Cu akom a8 &
distance of 35 A %rom the emifter and tor
mdm1mw.0)m'v'“”
1000 8V, iniaraty ls shown 23 the nowne-
tzed tunclion x = (1 — lg)/ly. Ful sphericel-
wave (SW) scatiering Is used, and difersnt
finab state assumplicns are compared: | =
0 (s %o & singls p channed), { =1 (’b
imerdering 3+ o channels), § = 2 {d
,.H-,,..“..a(mdﬂl-mm“"’“
ton is taken 10 be e 0% pane o
plane of polartzation '

Tou 80 K Nobe the sign reversals dus

photoslectron partty In the
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and 4 waves, and includes the radial matrix elements R, and R, and the phase
shifts &, and &,. These have been calculated using an atomic cross-section

program due to Manson.** The ratio R,/R, changes relatively little, from 4.62 to
3.91, as we go from 100eV to 1000eV. The curves shown for §, = 0 are the

simple limit, discussed previously, of an s initial state and single p final state with -

no interference. The results for 4 = 1 ate the correct description of Cu2p
emission. For the other two cases of / -Zandl,-Slhown,emissionintoﬁnal
mmnl,-lmd3and!,-2md 4, respectively,isailowed,andthesame
radial matrix elemeats R, and R, and phase shifts 8, and &, were used for the
=1+ land I, = I, - 1 channels in both cases. These sets of four curves thus
permit systematically observing only the effect of the different final-state
character and interference associated with the dipole matrix element.
Several general conclusions can be drawn from the curves of Fig. 4:

* Increasing the angular momenta in the final state from 1 to 0+2t01+3
to2 + 4 is found to decrease systematically the amplitude of forward scattering,
thus constituting & reason for which calcuiations using the p final state may
overpredict the degree of anisotropy for emission from subshells with /, = 1.

* In the backscattering direction, the parity of the photoelectron waves is
evident, since the odd waves from {; = 0 and 2 exhibit the same sign of y, and the
opposite sign is seen for the even waves from 4, =1 and 3. The previously
discussed approximation of using the square root of the differential cross section
seglects these sign differences. It implicitly assumes photoelectron waves of even
character unless an ad hoc sign change is introduced as appropriate for emission

“angles greater than 90° with respect to the polarization vector.'

* The smallest differences between different final-state angular momenta are
for the highest energy, where, in the dominant forward directiont, the main
effect is a reduction of amplitudes in the forward scattering direction, but little
change occurs in the shapes of the ‘Oth-order’ peak at a scattering angle of 0° and,
for [; <3, also in the Ist-order peak at about 22°. However, as energy is
decreased to 100eV, the differences between the curves become increasingly
more significant, and they begin also to involve phase changes in the regions of
both of these peaks nearest forward scattering.

* At the highest cnergy typical of the XPS limit, one thus expects the
general shape of the Oth order or forward scattering peak to be the same
regardless of final-state angular momenta, and to see a general suppression of the
relative importance of the higher-order features. .

Ovenall, these results indicate that the use of the Lorrect final-state angular
momenta with interference will probably be important for energies below about
00eV. For higher energies of 1000 eV or move, forward scattering should be
teasonably well treated by the simple p final state (as has been verified in prior
XPD studies), although both overall anisotropies and the relative intensities of
higher-order features may be overestimated. Similar conclusions concerning the
Suppression of higher-order diffraction features have been reached by both
Parry™ and Sagurton® using more approximate calculations based upon plane-
ave scattering and/or plane-wave final states. '
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i e di i shall for simplicie
ing in mind the discussion of the last paragraphs, we a p ty
and imf ::ans:ms in what follows still use the p final state and its factor ¢ -k ip
describing photoelectron emission.

3.1.3. Electron—Atom Scattering '
The electron—atom scattering that produces ¢, is most simply described by a
complex plane-wave (PW) scattering factor

£(8)) = (6} exp Liw(6))]. 3

i i % 1 ing. The scattering factor
8,) is the phase shift associated with the scattering. The
;hi':zmt&(z ‘gn.l‘f:ulatel:i from partial-wave phase shifts §; according to the usual

expression:
£(8) = @ik)'E, (& + D{exp (236} — 1)B(cos ), 39
=0

i d wave ¢, is thus
where the P, are Legendre polynomials. For larg_e r, the scattere: : ‘
proportional to f(6)) exp (ik |r = l,l)flr.— |, with an ovtehnlll phase d;;’hel:: nrigm
to ¢ of kr(1 — cos 8)) + y/(6)) that is due to both pa ;be::g‘t:c chonce tnd
scattering. The use of this form for ¢, qnphady assumes po!  of &
incident on the jth scatter has sufficiently low curvature n;u_;nix’paredthe
scattering potential dimensions to be tru.te::l asa plane wave. T ! ghemmlhd
small-atom approximation,” and its hml‘”t;l:'i:m in e:mpamon .
accurate spherical-wave (SW) nnermg" of Fig. 4 are discussed thel-,-gkm :

The PW scattering factor f(8)) is thus deta_-mmed by applymgml forp'.m:ch
wave method to a suitable spherically symmetnic suuen:‘gse po;:u ! pi
atomic type in the clustes. The number of pamal-w.nve P ! w:enﬁal or

ce goes up with energy, and for a typical scattering fpo oy

:;l:vc:?;:mudlus 1.5A would be =8 for Em—sme_v md =24 gm xps
Tabulations of free-atom scattering facto_rs at energies going up the XPS
regime also exist.® Alternatively, scattering potentials m:re m te 1o 2
cluster of atoms with overlapping charge densities an pt:n ol .
constructed via the muffin-tin modf.l empl?yed.'formeafnomple, . LEEI Mthmiu
The free-atom f; is generally larger in magnitude in the | rwardﬁdduecuonp‘a oy
muffin-tin counterparts due to the ne.glect of charge mdpoAteEnD omia_ g
types of f; have been employed in hxgher-energy PD althoughmmthe o e
they usually do not yield markedly dlﬁerent I(x) curves, D e e et
free-atom f, is expected to predict slightly higher peak intensi e
amplitudes in the forward direction. The PW scattering factor amﬁ“= ol
2 were calculated using the more accurate muffin-tin pthr:::dmtwo oy
procedure is used to calculate these scattemg'fmon, h bt

generalizations concerning their behavior as atontic number is varied:

i is found to be
« The forward scattering amplitude |f;| at higher encrgy is foun

r - - - M
primarily sensitive to the radius of the atom (or muffin tin) involved. It is for
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reason that frec-atom forward scattering amplitudes are always larger than those
for a muffia tin in which the potential is effectively truncated at the tin radius,
This behavior can be rationalized by a classsical argument in which it is noted that
forward scattering trajectories graze the outer reaches of the scattering potential
and 50 are only deflected slightly; thesc trajectories are thus primarily sensitive to
the outer regions of the potential.

* The backscattering amplitude at higher energy is by contrast found to
increase monotonically with atomic number. This also is expected from a classical
argument in which backscattering involves strongly deflected trajectorics that pass
dose to the nucleus.

3.1.4. tnelastic Scattering

The effects of inelastic scattering on wave amplitudes during propagation
below the surface must also be included. If intensity falls off as exp (—L/A,),
where L is an arbitrary path length below the surface and A, is the inelastic
attenuation length, then amplitude is expected phenomenologically to fall off as
the square root of this or exp (—L/2A,) = exp (~—yL). Each wave ¢, or ¢; is
multiplied by such an exponential factor invplving an L vatue which includes the
total path length below some surface cutoff point (cf. Fig. 3a). This surface cutoff
is often chasen to be the substrate surface as defined by hard-sphere atoms;
sithough this choice should not influence the diffraction patierns unless some
stoms are positioned above the cutoff. Thus, the attenuation cocfficient y =
1/2A,, although ¥ values up to 1.3-2 times this have been suggested in prior
AR, AED B and ppezss analyses. That is, the effective inelastic
attepuation length A, in these diffraction experiments is suggested to be about
0.50-0.75 times literature values based upon intensity-attenuation mcasurements
or theoretical calcvlations.® In fact, some inelastic attenuation lengths derived
from ExaFs measurements do not appear to take account of the difference
between amplitude and intensity mentioned above &

These reduced values of A, are not surprising in view of several factors:
Uncertainties of at least £20% are common in measurements of attenuation
leagths, ““* and some recent measurements in fact yield values that are
Sgnificantly lower than others in the literature.® The effects of ¢lastic scattering
ad diffraction on intensities can introduce additional uncertainties of this
order %7 and it is, for example, now well recognized that the actual mean free
path between inelastic scattering events is about 1.4 times the attenuation length
discussed above. Finally, the effective attenuation length in a diffraction
measurement should be shorter than in a simple intensity-attenuation experiment,
because quasiclastic scattering events of small energy (e.g., from phonons) that
kave the electron kinetic energy within the peak being measured® can still
introdace direction changes and phase shifts that effectively remove such
clectrons from the coherent intensity for diffraction. In addition, multiple
clasticscattering events similarly cause a reduction of the effective coherent
Mensity in a single-scattering theory. Thus, one overall cxpects effective

Htenuation  lengths  related  as A (intensity) > A (multiple-scattering
liffraction) > A.(single-scattering diffraction).
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iffracti t strongly
tely, electron diffraction features for most cases are no
ﬁectF:dn:ymvar;ing A, over its plausible range, and 50 its chowe is in general not
::ucialmﬁnalsu'uctunloondusions. Nonethelm&gsdambletovenfymu
insensitivity by varying A, in model calculations.*®

3.1.5. Vibrational Effects .

Vibrati a&enmﬁon of interference effects is ful}her.mon: potemul.ly
impor:nmmdm be included in the simplest way by multiplying each ¢, by its
associated temperature-dependent Debye—Waller factor:

WAT) = exp [~ AKUKT)] = exp [~2X(1 — eos UKD, @

where Ak; is the mgnitudt;eoftethe ::amnrie in mvetveaor.ptodt_wed by the

- . m ; 1 3 al :
mﬂ&bﬂ?@fmt ofl::orn J. At this level of approximation, U};
sqmed to be isotropic in space, and any mmof mvmmu“mm
near-neighbor atoms are neglected. (The unportmce correlased .
motion in certzin types of lower-enc dxﬁamouDeb expen:;: mmmm =d
below.) Suitable bulk and surface Uj values or ye n;n.”fa ures can be
obtained from the Jiteraturc. At high energy, the electron sca : _gwsmo)gﬁan
onlywhenQ,ismtherdosetouro,andﬂusamthmughtl}e(m o 8 faummm
intheargumtoqu.G)toyieldﬂ{,verydoseton:l;ty .u'npotin
scattered waves. So vibrational effects are to first order \;q ngnﬁcm.
forward-scattering-dominated XPD ot AED, although they can Vetyunp;n;:t
in LEED m,mdbwer-mergyPDmglA.ED,wh.eteme;
dominant diffraction mode and thus 1 — cos §, is a maximum. L

An altemate method for allowing for vibrational elfecu is tom .

robability distribution of atomic positions due to'vibrauon (as, teﬂl 3

Earmonio-osct’]lator envelope) and then to_nur_nemlly fum separa mghtedm 4
diffraction intensities for all possible oombmat:om of atomic ponmn;f ]
cumbersome, but it has been used to quanutauv%lL look at the effects of specific
 types of wagging molecular vibrations at surface.

3.1.6. Singie-Scattering Cluster Model .
With these assumptions, the simplest SSC-PW expression for photoelectron
intensity I(k) can now be written down from Eqgs. (1-3) as

2
100y « o e+ 32 R1s @0 Werlerp k(1 ~ cos ) + wi(BID| 4
I 7
a
+ 3 fe-pplha - wpemoa ©
J
trix-element modulations

¢-k and 2- &, represent p-wave photoemission ma odulations
:Tce:g' the unit vect‘c’n-s k and &, respectively, and exp (--yL) and exp( yL))
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sppropriate inelastic attenuation factors. Thus, (&- k) exp (—yL) is the amplitude
of the direct wave @o(r,k) and @-5) 1500 W exp(~yL)/r; is the effective
amplitude of ¢fr,r,— k) after allowance for both inelastic scattering and
vibrational attenuation of interference. The complex exponential allows for the
total final phase difference between ¢o and each ¢,.

The integrals on 2 simply sum over the different polarizations perpendicular
to the radistion progagation direction, as appropriate to the particular case at

products involving unlike waves like Dod] or ¢up{j#* 1) should include_
Debye—Waller products of W} or W;W;, respectively. The (1 - W) factor in the
second summation is thus necessary to yield overall correct products of the form
¢4 without any W} factor. The second sum has been called thermal diffuse
scattering,* and it is often quite small with respect to the overail modulations.
Equation (5) is thus the basic starting point of the single-scattering cluster model.
In modifying this model to describe Auger emission, the usual assumption is
that the much freer mixing of angular momenta in the final state overall leads to
an outgoing wave with 5 character.'>**™™ Ajthough selection rules do limit the
allowed final angular momentum states in Auger emission,” for certain cases, the
! = 0 channel is dominant. Also, if filled subshells are involved in both the initial
and final levels of the tramsition, the implicit sums over all initial and final my
values would be expected to produce an overall distribution of emitted primary
intensity that could be approximated as an s wave. Although it is possible for
Mﬂan:,pomuwbeptemtintheﬁnalmtethltomﬂdaﬁectthe
wattering, ™ these are often found at higher energies to be minor effects, 1207
For Auger emission into such an assumed s final state, we thus simply remove all
factors involving ¢-& and £-8, in Eq. (5). Non-s character in Auger final states
deserves further study however.
Itisnhowonhnoﬁngherethatthedmtersumonjinﬁq. (5) makes no
explicit use of the 2- or 3-dimersional translational periodicities that may be present,
even though the atomic coordinates r; used as inputs may incorporate such
petiodicities. Thus, neither surface- nor bulk-reciprocal lattice vectors g are explicitly
involved, and it is not appropriste at this level of description to speak of diffraction
“beams” associated with certain g vectors as in Leep. However, in section 5.1
we will consider the relationship of this model to an alternative Kikuchi-band picture

of the cluster. Clusters can range from a few atoms for near-normal high-energy
mission from a vertically oriented diatomic molecule on a surface® to as many as

i
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atoms for substrate emission in which both the emission and the
gtet?:i:;:ﬁ::lbe summed over several layers i.nto the bulk-".ln the latter case,
each structurally unique type of atom emits incoherently with respect to the
other, so that intensities from each must be adfled layer by laygr. However, even
for the largest clusters so far considered, the inherent simplicity of Eq. (5) stili
yields calcutations which do not consume excessive amounts of computer time,
especially by comparison with those necessary for such procedures as multiple-
scattering LEED simulations. ) _ ) .

A further physical effect of importance in making comparisons to experiment
is the possibility of electron refraction at the surface in crossing the surface
barrier or inner potential of height Vo. Even at the relatively high energies of
}Gs,mreuﬁsionmglﬁnwgﬁng.reﬁmoneﬁmdammmu
produced (cf. Fig. 14 in Ref. 9). Thus, for lower takeoff angles relative to the
mmlmbwme&-ms,amwfmms
necessary. This is accomplished most simply by using a ‘smtnble inner potemful. v,
derived from experiment and/or theory to predl’ct the mten_nl angle of ¢mission
o’ for a given external propagation direction 6.” The resnlung expression for an
electron energy of Epin = Eyn + Vo inside the surface is

o' = cor71f E—m‘%-@]mms o . ®)

fore, & and O'uemeasundwithrespautothem..lnthe
::emr;ceuott"e an adsorbate, the exact form of the surface potential bﬂmer. thus
becomes important, as it may not then be possible to assume an abrupt rise to the
vacuum level at the substrate surface. Also:thepmmohdsorbateammsmy
alter V, through changes in the work function, andtheeeatomsahomayoowpy
'ﬁonsabovctbemrboeinwhichonlyaﬁacnonof%uappmpmte.l.nme
photoelectron _diffraction studies, Vo has also been treated as an ad_)ustable
parameter. £ Although prior studies indicate that structural conclusions uel
not particularly sensitive to the choice of }’g,”'f’ it is important to realize u::;t ‘:o.
allowing for it propesly may shift theoretical diffraction patterns by as mi
fewdegmeswithrespecttotheacmal Ovnluegatwh:chthe?wﬂhb;obseﬂﬁeﬁeu;
The precise method of allowing for inner potential md”remed image—force
has also been considered in more detail theoretically.™ oal
We stress also at this point that any uncertainties in themmmring
assodatedwiththechoiwsofnonsﬂucgurﬂganmem_smqhu' sca
phase shifts, the attenuation length for inelastic scattenng, vihnuonal‘ o ofmn.m.
tion, and the inner potential are equally well slure!:l_wnh the m&om
EXAFS, and SEXAFS, although in EXAPS/SEXAFS, empirical phase known
structures can sometimes be used. ) o
Aﬁnalstepinmyrealisﬁculuﬂaﬁonbasedaponthnmo:}ds;mwﬂ‘“
thedirecﬁonofeuﬁm‘onkoverthesolidansleﬂoayoeptedmto .Mmﬂd
analyzer. For most of the ulaxllﬁonsrepoﬂ:ed hm,tl.nshasbeenwet ol
+3.0-3.5° half angle, although for certain high-resolution cases a smaller
+1.0-1.5" has been used.

”~
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3.1.7. Improvements 1o the Model

We now consider some possible improvements to this simple SSC-PW
model:

* A first possible correction is to choose a more correct form for the primary
wave as it leaves the emitter. The SSC-PW result of Eq. (5) assumes a simple
outgoing plane wave from the emitter which then scatters to produce an outgoing
sphesical wave from each scatterer. In fact, the correct primary wave should be of
the type used in free-stom photoelectric cross sections and should consist of an
ingoing spherical wave plus the outgoing plane wave.*“'*™ Such a primary
wave experiences the emitter potential and represents the correct solution to the
Schrddinger equation inside of a muffin-tin-like region centered on the emitter. If
this form of the primary wave is used, the equivalent of Eg. (5) with neglect of
effects due to vibrations is:'*!

1K) = f ,e-l'n"" + 2,: 'E";jlﬁ(ei)l e~ Hexp ilkr{l — cos 6,) + y{(6)]}
i

+ S ntn - @y mexpitptn))| de. )
i i -

This result, although still single scattering in assumption, now contains, through
the scattering of the incoming wave, a second sum of terms that are the classic
double scattering events of the type emitter — scatterer — emitter -+ detector
discussed in Exars theory.*’ Because thesc added terms are in effect double
scattering and also exhibit stronger attenuation due to both 1/r} and ¢;%", this
sum is expected for many cases to be a small correction to Eq. (5). This should be
especially true for higher energies where backscattering is negligible. In fact, the
inclusion of this sum can be shown to lead to the central-atom (emitter} phase
shift that is always present in Exars theory, and we comment further on this later
in this section.

* A next importaat correction is the use of spherical-wave (SW) scattering
instead of the asymptotic and much simpler planc-wave (PW) scattering. The
nature of such SW corrections in reducing forward scattering amplitudes in XPD
was first pointed out some time ago,” but more recent studies have presented
detailed comparisons of PW and SW results for different systems.®** For
example, Fig. 5 compares PW and SW scattering at energics from 50eV to
950 eV,* with the results being displayed in a format identical to that of Fig. 4.
Emission from an s level (, = 0,/ = 1) to a single Ni scatterer 2.49 A away is
considered. For larger scattering angles (240°) and higher energies (2200 V),
the PW and SW results are essentially identical. However, for lower energies and
in the forward scattering direction, there are significant differences. In particular,
for coergies =100¢eV, the forward scattering peak is significantly reduced in
amplitude by 2 factor that can be as low as 0.5. As expected, the differences
between PW and SW curves also decrease as the scatterer is moved away from
the emitter,™ because in the limit of a scarterer at infinity, the incident wave is
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FIGURE 5. As in Fig. 4, but comparing plane-wave
(PW) and spherical-wave {SW) scaiering from 8
single Ni scatiersr st a distance of 25 A from the
smitter with snergiss of (a) 506V, b) 100V, ()
200 oV, {d) 500 eV, and (¢) ?‘mﬂ-&:':"f;
are compared 10 SW results cute -

emission 10 & single » chennel). Folarzation &
paraliel 1o the emission direction. The curves labelied
130" SW™ represent & first-order approximation 1 the A
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o w0
FWD  SCATTERING ANGLE BACK gw scattering. (From Refs. 21 and 58

lanar. One etaleondusion&omthenreﬂnuisthustpn,nthi;@crewﬁﬂv
rhepﬁmnrys;:ctofindndingwrvmin &, is to reduce the amplitudes of the
forward-scattering peaks in 7(k) for near-neighbor atoms as compared 10 those

predicted from Eq. (3). .
Fortummte:l;‘.s‘l such SW corrections can now be very simply and accurately

T
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incorporated into the SSC framework via effective SW scattering factors
developed by Barton and Shirley using a Taylor-series magnetic quantum number
expansion (MQNE)* and by Rehr er al. using separable Green's function
approaches.*>* For example, Rehr ef al.** derive an equation identical to Eq. (7)
in form, but in which the plane-wave scattering factors f;(@) are replaced by three
effective spherical-wave scattering factors f2e(6, 1), fi%(x, r), and f& o(x —
6, r)) that are used to describe the three types of scattering events present. These
effective scattering factors depend on 7, as they must converge to the PW result
as 1; goes o infinity. They are also very simply calculable, involving expressions
closely related to that in Eq. (3).

However, particularly at higher energies, the much simpler PW approxima-
tion is still found to yield results very similac in form to those with SW scattering,

" and it has been found possible to draw useful structural conclusions with it.

Sometimes, PW scattering at high energy has been used together with an
cmpirical reduction factor of forward scattering amplitudes by a factor .of
0.4-0.5 that can be largely justified as being due to SW effects (cf. Fig. 5).

* An additional important correction for some cases is the use of correlared
wbrational motion in which atoms that are near neighbors of the emitter have
lower vibrational amplitudes relative to the emitter, and thus Debye-Waller
factors for diffraction that are nearer unity. This correction is more important in
special geometries and at lower energies for which large-angle or, particiilarly,
backscattering cvents become more important, as first pointed out in connection
with the interpretation of scanned-energy data by Sagurton ef al.** and also
discussed by Barton and Shirdey.®® This mare correct form for vibrational
attepuation involves a factor W™ of the form:¥!

. —ALZ :
W) = oxp[25I D]« exp (-1 - cos )T (@)

where o}(T) = {(Ak, - w)?) is a thermal average of the projection of the atomic
ent w, as measured with respect to the emitter onto the direction of the

change in wave vector produced by the scattering Ak;. Thus, each scatterer in a
photoelectron diffraction experiment is sensitive to a different type of vibrational
displacement, varying from no effects for forward scattering, to small effects for
small-angle scattering associated with components of u, perpendicular to the
emitter—scatterer axis, to maximum effects for backscattering associated with
compancats of w; slong this axis. By contrast, in sexars, it is only the along-axis
components that contribute. Correlation effects are also expected to be largest for
stoms that are backscatterers, beczuse along-axis vibrations will be reduced
more than those perpendicular to this axis. Ultimately, this might make it
possible to measure anisotropies in vibration in a more precise way with
t photoelectron diffraction, for exampie, by looking at the

variation of differeat peaks in Fourier transforms of scanned-energy data. A first
Mitempt at this has recently been made by Wang er al.”® Also, even forward
icattering features at high energy contain vibrational information because of peak
ing by motion perpendicular to a bond, ™% and this has permitted
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Wesner ef al.’ to determine the vibrationalll;nplitude anisotropy for an adsorbed
ecule, as discussed further in section 4.1.3. ] ]
m * A final aspect of the model which might be improved but which has only
been discussed in a limited way to date is more accuraie nllowam for bo
surface refraction and attenuation due to melasucmg Refraction has been
treated differently from the phenmnenologiml.nppmach indicated here both by
Lee*! and by Tong and Poon,” who have considered the proper matching of the
attenuated photoelectron wave inside the surface to the free electron wave
outside the surface. However, the latter have found that, if refnmm.: is allowed
for in the way described here in calculating the path length for inelastic scattering
inappmdlingthesurfnee.thenetrenﬂ!ismyhﬂled:ﬁmtﬁ?mthe?om
treatment of the wave matching. Another more complex problem is choosing the
proper value for the inelastic attenuation length: As we have noted above, these
lengths in eclectron-diffraction problems appear empinjully to be only .m,
0.5-0.75 times the typical literature values based upon intensity attenuation. It
would be desirable to understand these attenuation lengths more quantitatively,
including both elasﬁcmdinehsﬁce‘ﬂ'em.form_nfph,mmme framework of
more accurate methods of measuring peak intensities dcveloped by Tougaard. ™
Finally, it might be useful to consider the posibilityvof Wfom or misgnopk
inelastic scattering. Such efiects have been considered in both LEED™ and
Exars,™ where the use of complex scattering phase shifts is proposed; but the
influence of such effects on predicted diffraction pattemns in FD or AED has not
been assessed. More recently, Treglia ef al.™® have used SSC-SW calculations to
desuibcverylowenergyphmdedrondiﬁncﬂonatabout%ﬁevgromdiﬁa_em
surfaces of W. They see evidence for a significantly different inclastic attenuation
length in emission from W (001) and W (110). This could well be possibie, bat at
this Jow energy, itwouldalsobeusemltounyun_fullk.lsmwhqonsw
eliminate such effects as another cause of effective anisotropic attenufnon..ln
another recent paper, Frank ef al.™ have discussed Auger elecu:on diffraction
data from Pt(111) with various adsorbates and for energies varying from about
65 €V to 420 eV. They have analyzed these results in tcrmsofac{asualmodelof
anisotropic inelastic attenuation which totally .neglecu allwave mtefere?cet and
diffraction phenomena. Unfortunately, there is no basis in prior npetlm;l}t ‘::
theory for this extreme model, even though it seemsfofonmm.ulyﬂtme "
features in the experimental data. Thus, this classical analysis by Frank e
provides neither a useful method for :nalyzing_ AED <.hn, nor any S‘:;
information concerning the possibility of anisotropic inelastic n'twnuauon.
attenuation is in any case expected to produce only small corrections to the strong
anisotropies associated with diffraction effects.

3.1.8. Retationship 1o EXAFS/SEXAFS Theory

AsaﬁmheraspectoftheSSCmodel,wenotethnhmbed.ir?ct_lyndM
toanexpruﬁonveryclosetotbnusedinmnlmnna.ly!uﬂlt?’mi‘
umaumnuedmv(u@gmmdlmmag_nhudehmmm‘fp“m““
we begin at Eq. (5) (for simplicity neglecting any sveraging »
mmmﬂ¢p?m¢ﬁ;mhmﬂwdhupam;meahwm
squared. The thermal diffuse scattering term can also be negiected.

[
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stmplc aigebra, it can then be shown that

10 = (-8 4 3¢ DS L g were
i
x cos [kr(1 — cos 8,) + (6], (9
and that this can be converted to a normalized function x(k) if we take the
unscattered intensity to be L, = (2 k)% ~2"* and finally write

1) - 2 ¢t
- mlo Lo (!-E)c"‘-g_,.;llﬂ(ai)l W™l

X cos [kr{l — cos 6,) + v{9)] 1o

This last equation thus has a form very close to the standard kinematical
expression for Exars/sexars, with the only differences being that double
scattering events of the type emitter — scatterer — emitter — detector in Eq. ]
are included in the integration over direction in EXAfs to better describe the
primary wave,* with these producing the central-atom phase shift; and the integra-
tion over direction changes the cosine function here finally to a sine function for
EXArs/sExaFs. Equations (9) and (10) were first used in connection with the
interpretation of ARPEFs data by Orders and Fadiey," and they have later_been
refined in this context by Sagurton er al.?' Their form also suggests the possibility
of using Fourier transform methods in scanned-energy PD to derive information
concerning the set of path-length differences associated with a given structure, as
discussed first by Hussain ef ol and now in active use by Shirley and
‘co-workers™** as a preliminary step of ARPEFs analysis.

As a final comment concerning this level of the diffraction theory, we
consider the conservation of photoelectron flux. In the small-atom (or large )
limit, where PW scattering is adequate, the usual optical theorem assures that flux
will be conserved if it is integrated over 45.* Thus, even if high-encrgy scattering
produces forward-scattering peaks, there will be, somewhere else, sufficient phase
spacc with reduced intensity to exactly cancel them. However, in using the
SSC-PW model for cases in which some scatterer distances require SW
corrections, it is doubtful that flux will be conserved properly.* Nonetheless, with
SW scattering correctly included, Rehr et al** have shown that their SW
equivalent of Eq. (7) does conserve flux and lead to a generalized optical theorem
on each / channel involved.

In subsequent sections, we will consider several applications of this SSC
model to the interpretation of experimental data, including especially several
substrate and adsorbate systems of known geometry to test the degree of its
lm‘ -t’-

x(k)

3.2 Effacts beyond Single Scattering

Finally, the possible importance of multiple scattering (MS), particularly
along rows of atoms in & multilayer substrate, has been discussed qualitatively for
Some time,™* and more recent papers have presented quantitative estimates of
such effects and suggested improved methods for including MS corrections if they
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are needed *25-#% In general, the MS analogue of Eq. (2) can be written a¢
P(r. k) = ¢olr, k) + z ¢fx, ;= k) + ; ; Pulr. 5 — 1. — k)
7

+ 233 ouhryy = 1= 1= K)
yir i

+EE.ZE¢H-('-"}"l'k—'ft—’rm““k)"'higherordm,

I & 1 m
n
to fourth order are shown here and, in the multiple scattering
Win;sm::r:::gimﬁoofj, k, i, mdmmlimitedonlymthnthe'ydom
invol've coasecutive scattering by the same scatterer. Such MS ulculmm have
beendoneinmbasicwny::ﬁmbyTongandeo-worku:m’g‘mmp,
methods that require full translational symmetry along the surface,” and more
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recently by Barton and co-workers using a cluster approach with SW scattering
and the Taylor series MQNE method to simplify the calculations.Z%% The
cluster method is really more appropriate to the physics of such a short-range
order probe, and we will term it MSC-SW. More recently, Rehr and Albers™
have proposed a Green's-function matrix method for such MSC-SW calculations
that shows promise as an alternate approach in extensive applications by
Kaduwela er af
OneeﬁeetofMSﬁmdisqmdbyPoondeong"isadefowsingof
intensity occurring in multiple forward scattering at higher enecgies along a dense
mwofatnm,mwumSSC-PWorSSC-SWalculationalongsudla row
may overestimate the intensity by a factor of two or more. This is illustrated
tically in Fig. 3b(ii). For an embedded species at some distance from the
surface but again emitting along such a row, it has more recently been shown that
these defocusing effects may be even more dramatic, P28
Such defocusing effects have been very nicely illustrated in recent MSC-SW

calculations by Barton, Xu, and van Hove™®® and by Kaduwela er al.® for~

emission from chains of Cu atoms of variable length. Some recent results of this
type are shown in Figs. 6 and 7. In both figures, chains of 2, 3, or 5 atoms with
the emitter at thejr base are tilted at 45° with respect to the surface of a medium
of uniform density that simply serves to attenuate the emitted waves inelastically
{sec inset in Fig. 6). This geometry thus simulates the intensity distribution
expected for emission from the 2nd, 3rd, and 5th layers along a low-index [110]

——— - WULTIPLE (LX1}, (3X3)
—t——— MULTIPLE {8X4)
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row of Cu with {001) orientation, but without any diffraction effects due 1
scatterers adjacent to the row. Emission into a simple s-wave final state
approximating Auger emission is treated. Both single-scattering and fully
converged (6 X 6) multiple-scattering calculations are shown for each case.

In Fig. 6, for an emistion energy of 917 eV, it is clear that the single- and
multiple-scattering curves are identical for the two-atom case (as appropriate 1g 3
diatomic adsorbate, for example}, but they diverge more and more as additional
scatterers are added between the emitter and the detector. For the five-atom
chain, the forward scattering peak is suppressed to only about 10-15% of jis
value for single scattering. There is also a systematic narrowing of the width of
this peak as more defocussing due to multiple scattering comes into play. For
scattering angles more than about 115° from the chain axis, the differences
between singie and maultiple scattering are much more subtle, as is to be expected
since strong multiple forward scattering is no longer possible directly in the
emission direction. At the much lower energy of 100 ¢V in Fig. 7, one expects less
strongly peaked forward scattering, as shown by the wider peaks along 2 polar
angle of 45°. Here again, the single-scattering and multiple-scattering resuits are
identical for a two-atom chain, but one sees a suppression and narrowing of the

forward scattering peak with increasing chain Jength that is qualitatively similas -

1o, but less severe than, that observed at the higher energy.

Overall, these and other recently published results by Xu and van Howe™
indicate that, for emitters in the first one or two layers of a surface and/or for
which the emission direction does not involve near parallelism with a dense row
of scatterers, a single scattering model should be quite accurate. For atoms
further below the surface and/or for emission directions along such high-density
mm.urminforwardmneﬁngfeammme:pededmbemmuedby
multipte scattering, but single-scattering calculations should nonectheless predict
their positions with good accuracy. .

An additional important multiple scattering effect pointed out by Barton et
al.® is due to strong nearest-neighbor backscattering at lower energics. This they
find in certain scanned-energy cases to significantly increase intensity due to
events of the type emitter — neighbor —» emitter — detector, as illustrated in
Fig. 3b(i).

¢ Ab(f)urther important point in connection with such multiple-scattering
ealcuhﬁonsisthateventsuptoatlemtheﬁﬁhoﬁerhvembeindudedto
assure reasonable convergence.®* In fact, it is found that including only,
second-order events can often lead to curves which are in much agreement
withexperimemthmthecorrwpondingﬁm-ordcrmuﬁon This is similar to
tbeexpeﬁenccinmtheory,inwhichindudingonlym-ordermu’!,upk-
sancﬁngconecﬁonsmyieldwmmﬂtsthanthouofﬁnglemtming. A
more reasonable procedure is to include events up to, say, the fifth order if the
total path length r; + ra + ras + - - - is less than some catoff value of 10-
20 A 355 anhough an inproved cutoff criterion has been suggested by
Kaduwela et ol.™ .

As noted previously, there is by now a considerable body of data which
indiutesthaluseﬁﬂsmmnllinfomaﬁonanbedeﬁvedatthessmorfm
SSC-PWlevel,mdwewﬂlthowﬂluuraﬁonsofthisinmhseqmm
Nonetheless, MS effects such as those described above can cause discrepancies

et < satrar e
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between experiment and theory for certain classes of s tem, and ful
treatments of both photoclectron and Auger electron ditfractyisou are bcginnliln::cs)
be more oft.en_used. Several advances in the simplification of these methods. a5
well as rapid improvements in computer technology, should lead to a grc;tcr
:eh_mcc on MS gppmaches in future work. In the examples which follow, a
variety ?f theoreucll models have been used, and the specific approach follou;ed
will be lndsuted with each set of results to permit the reader to draw his or her
own conclusions.

4. ILLUSTRATIVE STUDIES OF DIFFERENT TYPES

4.1. Smali-Molecule Adsorption and Orientation

We here consider primarily the case of small-molecule adsorpti i

\ rption as studied
by lyherw XPD. "Ihe cases treated are thus of considerable interest in
studus__of surface chcfn_lstry and catalysis, and they provide the first simple
ﬂlustnf:ons o.f the utility of the forward-scattering peaks discussed in the
p:_eee.dllng ;cuon. A;Jger peaks at similar energies of about 1000 eV could also in
principle used for such studies, but all of the cases ¢ i
photoelectron diffraction. o due involve

4.1.1. CO/Ni (001)

We begin with the first system of this type studied b B
T _ y Petersson er ol and
Orders et al.:* ¢(2 x 2) CO on Ni (001). Figure 8 compares experimental C 1s

O™ order
1 order
EXPERIMENT {
—p0*
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lar scans in two high-symmetry azimuths (normalized by de.}mg by the O s
ip:tensity to eliminate the 8-dependent instrumen_t~mponse function) to SS.C'..pw
calculations for varying degrees of CO tilt relative to the surhoe nc:‘mn]. The
theoretical mode! also includes a wagging or “!rusmted-l:otatlon molecular
vibration with an rms displacement of 10A. The experimental curves are
essentially identical along both azimutbsang!sbown:trongpe'akalongsmmm
pormal that represents about 2 35% anisotropy. Cfn'npnrmg experiment and
theory fusthermore permits concluding very oonservnnv_ely tlfat CO is \:mhm. 10
of normal for this overlayer and that it has no prefer_enhal fz.lmutlul orientation,

The inset in this figure also indicates that, in lddmon to the forward
scattering or zeroth-order diffraction peak, one expects lug]wr—order features such
as the first-order peak indicated. (These also appear in the single-scatterer
calculations of Figs. 4 and 5, where higher orders also are :ho'_wn.) The first-order
penkeorrspondstoahphuediﬁermoebetweenth?dmctmvemdute
scattered wave, or a path length diﬂemnge of appronmately_ one deBrogiie
wavelength. We will further consider such higher-order features in the next case
and subsequent examples.

4.1.2. CO/Fe (001)

recent and more oomplexcaseofCOndsorptionisthat_on Fe (00!):

In F;;sgzmand 9b, we show both polar and azimuthal C 1s data obtained by Saiki
et ol™ from CO adsorbed at room temperature on Fe (001) so as to form
predominantly the so-called a,mte.'l‘lus_uthert_mma.lspeuahubemﬂn
sabject of prior studies by several tgchmques, mclm_iu'ng EELS, ESDIAD, and
NEXAFS.Y Its structure is of considerable interest because it is thought to be bound
inahighlyﬁltedgeomenywithasigniﬁuyﬂy_we_akenedO—Obondmdthmto
be a possible intermediate state for the dissociation of the molecule. However,
tbebmthattheﬁltangleoouldbedetenmnedﬁommdau_wufs:kw'.
and no information was obtained on the most likely azimuthal orientation(s) of
the molecules. It is thus of interest to see what more can be learned about such a
'I'heﬁ‘;nrlu}tgr;))eak in the normalized C 1s polar-scan results for the {100]
aﬁmuthshowninﬁg.%hnmediatelypemiuadkeam.oﬁheﬁhmﬂe
withrupeatothesurfaoenomnlnsﬂ...—sstzt(thun.mththfmw_e
oﬁwwdwmmemﬁu).m.memm’tthnwmmn;peakfs
mtminpoh:msﬂongthe[liO]:ﬁmuthmdnﬂthhepmfene;ﬂts
along {100} directions, or intotheqpenﬁdesofthe.fomfold:honuwm are
the sterically most msounblechoicut‘orthebondtsl; location, Complementary
widenc:lat.:tmﬁnningthisstx-m:tm'emmmsfrmntlme:::mmthnldatao,u_polanndct;‘e
withrespealothemrfloeofa-SS'inFig.%.Mmﬂuamgwhk
p:afenedtﬂtinﬂ:e(lOO)azi:nuthsviamgpeahdong.p-ﬂ'mdm ‘am
thusomdudedthattheOOmolewlumﬂlte_dlhngthefm(l )tiull'
perhapsinsepantebutequnn!yrpogctﬂlteddommulﬂmtedmhm y

'old-hollow site in Fig. 9¢c.

Mo::iofn-oom i check of these data, it is also cf interest thltlhem“_m
eﬁecuseeninbothpansaandbofﬁg.Queofverymﬂythemwﬂ -

[
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if the overall anisotropy as mentioned previously is measured as a
percentage by Al/Ig,,, we find about a 14% effect in Fig. 92 and a 16% effect in
Fig. 9b. Thus, it is possible to reliably measure rather small diffraction effects
with XPD, particularly in the azimuthal data, which do not need to be corrected

Another useful observation from Figs. 92 and b is that the main peaks exhibit
very similar full widths at half-maximum intensity (FWHM) of 30-35°. Thus, the
tesolutions for determining both the polar and the azimuthal senses of the tilt are
about the same.

The results in Fig. 9b also exhibit much smaller but quite reproducible peaks
along the (110) azimuths (that is, at ¢ = 45°) that could be due to scattering

Fe atoms in the (110) comers of the hollow. A more detailed theoretical
tnalysis of these azimuthal results using the SSC-SW model in fact shows that
these peaks are due to constructive addition of first-order scattering from oxygen

151
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0.8 e CO{cah T #{001)
rs104 wonpaigrnen| QI
Y g3
2L\ oy | st
Mz(A?'E— 10 a16%
73 Expr.
% FIGURE 10. Expermental results of Fig. 9(b) are
o co compared with theorsticsl SSC-SW calculations of
- Only C 15 azimuthal scans for CO on Fe (001) tied at
E s Fa 35* with respect 1o the eurface along the (100)
. directions and assumed %0 be in fowr squally
g popuisted domains. in tha lop theorstical curve,
e no Fe scatterers sr included. in the lowsr theors-
- 05A tical curves, five Fe scatierers are added, as in Fig,
o 03A $(¢). The C atom is centersd in the fourfold hollow,
and the distance Z with respect 10 the Fe sixface
F-Tio0] {110] [010) plane Is varied. The inset shows the tio of the
40 O 40 B0 120 180 two main pask intersities I'/] as a function of 2.
AZIMUTHAL ANGLE ¢ (DEG) (From Raet. 86.)

(see inset in Fig. 8) and second- or third-order scattering from the corner Fe
atoms, depending upon the distance 2 of the tilted CO from the Fe surface. Some
results of these ulaﬂaﬁonsofthenzimuthdmnofﬁg.%m?ém?ned.m
experiment in Fig. 10. ‘I‘hetoptheorﬂicalmrveisﬁomlalcul.monmwhﬂ:
onlyCOmoleaﬂesmpresent;thuemmumedtqhepmmm.Meqmuy
populated domains tilted at @ = 35°. This very simple calculation correctly
predicts the positions and approximate widths_qf the strong forward scattering
peaks slong {100) azimuths, as well as the additional weakes first-order features
seen along (110} at @ = 45%, However, if the five Fe nearest neighbors are also
included as scatterers (as shown in Fig. 9c} and the C atom u_furﬂ;ermum_edto
be centered in the fourfold hollow but with variableveni_ml. distance z relative to
the first Fe layer, we arrive at what should be a more rulme_set of curves. These
are striking in that the small peaks along (1_10) are predu:ted to mlhtc“;me
intensity, as shown in the figure inset. Comparing experiment and tluac:'ryjiw‘ml
ratio I’/I as indicated yields z values of both about 0.22 £ 0.10
0.63 4 0.10 A that agree best; these z values also correspond 1o very reasonable
C-Fe distances of 1.6-2.0 A. Multiple-scattesing calculations for this system by
Kaduwela et al.* also quantitatively confirm the single-scattering results shown
here;thisisasexpeaedinviewofthehighenergymdhghukeoﬂmgks
lative to the surface. ) . .
* Figure 11 sbom-afunheraspectofthisanalysismwhichtheuper@en::
pohrsansofﬁg.%moompnedmssc-swmeoxytonhemq{mm
involved and for several z distances. Polummalmmntobemmem
both arimuth and vertical distance, wi:hinpuﬁcumtqu.emufmghe_g;n}
azimuth favoring a z value nearer 0.3 A. This study thus indicates the signi
advmugeofhavingbothpohrandnﬁmuthdﬂbdlnﬁormd:m. be
The theoretical anisotropies Al//... in Figs. 8, 10, and 11 are found ‘°h”
about 2-3 times larger than those of experiment. This kind - of discrepancy
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been found in most previous XPD studies of adsorbates™'®®% and can be
explained by the combined effects of the following:

+ Molecular vibration. This has not been included in the calculations for
CO/Fe (001) shown here, but is considered in prior work for CO/Ni (001).2%

* The presence of more than one type of emitter on the surface. For the
present case, this could be due either to the method of formation of the a; state
or to adsorption at defects. There could also be additional C-containing
impurities beyond those associated with CO and its dissociation products on the
surtace. All of these act to diminish diffraction features relative to background

and thus to reduce the experimental anisotropy. Such effects will tend to be
present in any adsorbate system to some degree.

4.1.3. CO/Ni (110)

A final example of a molecular adsorbate system is that of CO on Ni (110),
as studied with polar-scan measurements by Wesner, Coenen, and Bonzel.”5-%
For this case, Fig. 12 shows a comparison of normalized C Is polar scans from
CO adsorbed to saturation on Ni (110) at two different temperatures of 300 K and
120K. The polar scans are markedly different, with the high-temperature results
being very similar to those of CO on Ni (001) (cf. Fig. 8), and thus suggestive of a
simple vertical adsorption of the CO, and the jow-temperature results being
widely split into a doublet along the {001] azimuth, but retaining a weaker peak
along the normal for the [110] azimuth. The low-tempeature, higher-coverage
results have been explained by a structure in which the CO molecules ate tilted
by 423° along the [001] azimuth, as shown in Fig. 12d.® This structure is nicely
confimed in Fig. 12¢, where SSC-PW calculations with an rms vibrational
amplitude of 8° are found to yieid excellient agreement with expcriment.

Wesner et al.® have also considered the effect of adsorbing CO on a Ni (110)
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4.1.4. Other Systems and Other Techniques

These simple examples thus show that XPD (or in principle also higher-
energy AED) is a very powerful tool for studying the orientations and bonding of

small molecules on surfaces, and that it is well suited to even very highly tilted:

species that may exhibit enhanced reactivity and thus be important in such

phenomena as catalysis. Each of the cases discussed here is also significant in thaty
other surface structural probes have besn applied to the same problem without *

being capable of a clean resolution of the structure. Similar XPD measurements
and theoretical analyses have also recently been applied to several other systems:
€0 and CH,O on Cu (110) by Prince ez al.™ and CO on Pt (111) treated with K
a3 a promoter by Wesner et al. ¥

Similar forward-scattering effects have also been seen by Thompson and
Fadiey™ in emission from an atomic adsorbate on stepped surfaces: oxygen on Cu

(410) and Cu (211). For this case, scattering by near-neighbor atoms up the step:

face from the emitter is found to be particularly strong. Stepped surfaces in fact
represent a particularly attractive kind of system for study by this technique, since

any atomic or molecular adsorbate that bonds prefercatially at the base of the:

step has atoms on the step face as nearest-neighbor forward scatterers in the -

The use of intramolecular forward scattering also appears to have sqyeral;
advantages for determining molecular or fragment orientations on surfaces in

compartison to bther techniques such as high-resolution electron energy loss
:pewosogpy (emis),” electron stimulated desorption-ion angular distributions
(EsDIAD),™ and NExars™ or sexars.’® In esLs, the presence of a titled species can
be detected by which vibrational modes are excited, but estimating the magnitude
of the tilt is difficult. ™" In esptap, the ion angular distributions for bond tilts

oy

away from normal can be significantly distorted by image forces and jon- .

neatralization effects,*™** and tilts further away from normal than 25-30°
therefore cannot in practice be measured accurately, if at all. In NExArs® and
stxars,” the experimental intensitics of different features vary only relatively
slowly with polarization, as sin’« or cos’a, if « is the angle between the

radiation polarization and the appropriate molecular symmetry axis. In forward- -

scattering XPD or AED, by contrast, it is the much parrower peak in the .
scattering amplitude |f| near 0° (cf. Fig. 2 and Fig. 8) that controls the precision |

of orientation determinations, leading to FMWHs of 25-35° for all molecules
studied to date. Comparing these values to the effective widths of sin® & or cos? o
thus Jeads to the conclusion that forward scattering in XPD or AED should be
thout 3-4 times more precise in determining bond directions. An additional
problem in mMExaPs is that a correct assignment of the peak(s) to be studied is

We close this section by noting that scanned-energy photoelectron diffraction
Of ARPEFs also has been applied recently to the study of small-molecule fragments
such as formate (HCOO) and methoxy (CH,O) adsorbed on Cu (100). The lower
encrgies involved in this work imply that information on bond distances to
backscattering neighbors below the adsorbate are also derivable. Such studies are

described in more detail in the chapter by Haase and Bradshaw in Volume 2 of -

this set.

-y
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4.2 Atomic Adsorption and the Oxidation of Metals

4.2.1. Oxygen/Ni (001)

Saili and co-workers®® have carried out an XPD/Leen investigation of the
interaction of oxygen with Ni (001) over the broad exposure range from ¢(2 x 2)
O at 30 Langmuirs (L) to saturated oxide at 1200 L. Scanned-angle measurements
were performed with Al Ko radiation at 1486.6 ¢V for excitation. Although this
system has been extensively studied in the past by various structural and

ic probes,*™® several questions remain as to the exact structures
formed. The combined use of XPD and LEED proves capable of answering several
of these, as well as pointing out some new features of XPD that should be
generally useful in surface-structure studies.

For example, in Fig. 13a, we show azimuthal scans of O ls intensity at a
relatively high polar angle 8 of 46° with respect to the surface for four oxygen

from the onset of sharp ¢(2 X 2) LeeD spots (30L) to full oxide
saturation {1200L). The experimental curves are compared to SSC-SW cakula-
tions for a ¢(2 X 2) overlayer in simple fourfold sites with a vertical oxygen
distance of z = 0.85 A above the first Ni layer (the by now generally accepted
structure), for two monolayers (ML) of NiO (001) with ideal long-range ordek,
and for two monolayers of NiO (111) with long-range order. The dominant peaks
at ¢ = 0° and 90° for the highest two exposures of 150 L and 1200 L are correctiy
iredicted by theory and are due to simple forward scattering of photoelectrons
emitted from oxygen atoms below the surface by oxygen atoms situated in the
Whymoftheoxide,asindiuwdbythemminﬁg. 13b. These peaks
furthermore persist as the strongest features down to 30 L, indicating very clearly
the existence of buried oxygen emitters, probably in small nuclei of NiO (003),
over the full region of observation of the ¢{2 X 2) overiayer. The presence of
such oxide nuclei in varying degrees on Ni (001) surfaces prepared in different
laboratories is thus a likely cause of some of the previous controversy surrounding
the vertical positions of both (2 X 2) and p(2 x 2) oxygen on this surface, ™"
but XPD provides a seasitive probe of the preserce of any sort of buried species
via such forward-scattering effects.

Comparing the 1200-L experimental curve and the theoretical curve for 2ML
of ideal Ni (001} in Fig. 13a for the region near ¢ = 45" shows qualitative

t as to the existence of a region of enhanced intensity for 30° < ¢ <
60°, butdisagrecmentastoenctﬁnestmcture,withtheorymingadouhld
where experiment shows a single broad peak. However, annealitg this saturated
oxide to approximately 250°C for =~10 minutes to increase its degree of
jong-range order paraliel to the surface (as well as perhaps its thickness)” is
found to yield a significantly altered XPD curve, with a doublet centered at
¢ = 45* that is in very good agreement with theoryforNiO(wl),ushownin
the higher-resolution results of Fig. 14. It is also striking that the oxide
weﬂayashmmuchmomﬁnemetummdgenmﬂynwfnms.ﬂﬂ_ﬂ
thoughthedominnnlpeaksinboththeumnnealedandmnealeddaumw“
those for simple forward scattering along (101) directions (i.c., at ¢ = 0" and
907). The theoretical curves for 2 ML or 3 ML of ideal NiO (001) in Fig. 14 arc
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also in remarkably good agreement with the annealed data, verifying that
annealing has produced a very highly ordered overlayer, and suggesting that the
unannealed oxide exhibits diffraction effects due to strain and disorder.

The data shown in Fig. 14 are different from all results presented up to this
point in being obtained at a very high angulsr resolution of +£1.5" or less; precise
angular resolution has in this case been obtained by using interchangeable tube
arrays of the length-to-diameter ratio, as discussed in detail by White er
al.® Note the ional fine structure in the unannealed 1200-L curve of Fig. 14
as compared to that of Fig. 13a.

The bottom theoretical curves in Figs. 13a and 14 are for 2 ML of NiO (111),
an orientation of oxide growth which is also thought from LeeD to coexist with
NiO (001) on this surface.”” The tota! lack of agreement of the NiO (111) curve
with experiment makes it clear that this is only a minority species affecting no
more than 5% of the NiO present.

In order to better understand the unannealed oxide data in Figs. 13a and 14,
we also show in Fig. 14 theoretical curves for smalter 35-atom and 5-atom clusters
of NiO (001). The previous calculations discussed involved much larger clusters
with about 100 atoms per layer to insure full convergence. The 35-atom cluster
includes atoms in about the first 14 unit cells around a given oxygen emitter; the
S-atom cluster is minimal and kpruems only nearest-neighbor and next-nearest-
neighbor scatterers. The results for the full 2-ML cluster and the 35-atom cluster
arc found to be very close except for somewhat more fine structure in the
full-cluster curve. This is consistent with prior XPD studies which have concluded
that near-neighbor scatterers dominate in producing the observed patterns.
However, much better agreement with the unannealed oxide results is seen if
either the first-layer oxygen atoms (but not the nickel atoms) in the 35-atom
cluster are relaxed upward by 0.2 A or the effective cluster size is reduced to five
atomns. Both of these models are consistent with a highly strained unannealed
oxide overlsyer of (001) orientation in which the long-range order is severely
disturbed. The LEen spots for NiO (001) in fact indicate a lattice expanded by
very nearly } relative to the underlying Ni (001) surface, as indicated schemati-
cally in Fig. 13b. Although these results do not permit choosing between these
two possibilities for stress relief in such a disordered system, they are significant
in that both the experimental and theoretical XPD curves are quite sénsitive to
these more subtle deviations from an ideal NiO (001) overlayer with leng-range
order. This suggests a broad range of applications of XPD or higher-energy AED
10 studies of epitaxy and overlayer growth. '

It iz also significant in the comparisons of experimental data for annealed
oxide with theory for 2-3 ML of NiO (001) in Fig. 14 that the agreement
extends even to the overall degree of anisotropy, as judged again by Al/[,... The
theoretical anisotropies are only about 1.2-1.3 times those of experiment. As
noted previously, theory is in general expected to overestimate these ani-
sotropies, in some previous cases by as much as factors of 2-3. One important
reason for this kind of discrepancy is the lack of allowance in the calculations for
atoms bound at various defect or impurity sites along or below the surface, as
these are expected to prodvce a rather diffuse background of intensity, thus
lowering the overall anisotropy. However, for the present case, the very good
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agresment suggests that the annealed oxide overlayer consists of oxygen atoms
that are almost completely bound in a highly ordered NiO (001) structure.

At lower exposures, XPD has also been used to determine the ¢(2 x 2)
oxygen structure on Ni (001).% The high 6 values of Figs. 13 and 14 minimize the
effects of any forward-scattering events in emission from oxygen in the ¢(2 x 2)
overlayer (cf. Fig. 2), so that the 30-L curves here are dominated by the
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presence of a certain fraction of buried oxygen, probably in oxide nuclei.
However, at very low takeoff angles with respect to the surface of approximately
§'-15°, forward elastic scattering from adsorbed oxygen becomes much stronger,
and the signal from buried oxygen is also suppressed by enhanced inclastic
seattecing.” Thus, the diffraction patterns at such low 6 values are expected to be

more strongly associated with overiayer effects.

Figure 15 shows such experimental and theoretical results for two repre-
sentative @ values, 8° and 11,° of the four angles studied (data were also obtained
for 14° and 17°). Experiment is here compared with SSC-SW theoretical curves
for four possible c(2 X 2) structures: in-plane fourfold bonding (z = 0.0 A);
slightly-above-plane fourfold bonding (z = 0.2 A); the vertical distance in four-
fold bonding yielding the empirical best fit to experiment at that 6 value as
judged both visually and by R factors;®® and the so-called pseudobridge
geometry suggested by Demuth ez al. on the basis of a Leep analysis.™ For this
last geometry, z = 0.8 A and the oxygen atoms are offset horizontally by 0.3 A in
the fourfold hollow toward any of the four symmetry-equivalent {110) directions. ~

In Fig. 15a for @ = 8", it is very clear that ¢(2 x 2) oxygen does not
occupy & positicn in the 0.0-t0-0.2-A range, aithough certain prior studies have
suggested this as the most likely bonding position.** Simple fourfold bonding at
z=0.80A, by contrast, yields excellent agreement with experiment, with all
observed features being present in the theoretical curve. The only points -of
dissgreement are the relative intensity of the weak doublets centered at ¢ = (°
and 90°, which is too strohg in theory; and the degree of anisotropy Al/I_..,
which is predicted to be too high by approximately a factor of 2.6. The latter
discrepancy could be due to a significant fraction of oxygen atoms occupying
defect or buried sites, e.g., in the oxide nuclei mentioned previously. Also, for
such a low takeoff angle that begins to be within the forward scattering cone at
this kinetic energy (~954¢V), there may be some defocusing and reduction
of peak heights due to multiple scattering cffects; in fact, ¢ = 0* and 90°
are the directions of nearest-neighbor oxygen scatterers in the ¢(2 X 2) structure,
s shown in Fig. 16a. The pseudobridge geometry does not fit experi-
ment as well, since the relative intensity of the doublet centered at ¢ = 45° is
too high.

In Fig. 15b, for @ = 11°, the two geometries close to being in plane again do
not agree at all with experiment, which is very well described by simple fourfold
bonding at an optimum z of 0.70 A. The pseudobridge geometry in this case also
differs considerably from experiment as to the shape of the two main peaks.
When these results are combined with those at the other two @ values studied,? it
<an overall be concluded that c(2 X 2) oxygen does not bond in either simple
fourfold positions at 0.0 < z < 0.3 A or in the pseudobridge geometry, but does
occupy simple fourfold positions at z = 0.80 + 0.10 A. This choice of structure is
also confirmed by an R-factor comparison of experiment and various theoretical
curves. The z distance found here also agrees very well with several more recent
structural studies of this system.”*

A final point in connection with the results of Fig. 15 is that, in order for
theory to adequately refiect all of the fine structure seen in experiment, the
cluster used in the calculations must include all O and Ni atoms within the first
few Layers of the surface (adsorbate pius two layers of Ni} and out to a relatively
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large radius of 2bout 20 A from the emitter. The rate of convergence with cluster
size is illustrated in Fig. 16. Duetotheroutio_mlsy.mm?fthgmm‘
calculations need be performed only over the 45° wedge md:eued in Fig. 16a, by
itisimpommwincludesuﬁciemammsattheedgeo(thuwed_ge. It is clear
from the diffraction curves in Fig. 16b that going out to only 10{&_ in radius does
not yield the correct diffraction ﬁmmu.ﬁulndmaunﬂuﬁtym.fom‘,d
scattering at grazing emission to well beyond the first 35 spheres of neighbors,
The effective diameter of the cluster is thus about 40 A.

Thus, these multsforaprototypicnlsurfmeondanonoveubmdmm
range, from ordered overlayers at partial monola_yer coverage to saturated oxide,
bdiwemenlvayusdultypuofmucmdmfomt!onthftu?begm
from XPD (or by implication also by high-energy AED) in conjunction with SSC
calculations.
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422 Sultur/Ni (001)

The sulfur/Ni (001) system has been much used as a test case for
techniques because it represents a rather unique example of a

system for which there is & general consensus on a structure: the ¢(2 x 2)
sulfur overlayer is bound with atomic S in fourfold sites at = distance z of

1.3-1.4A above the first Ni plane.”® Several photoelectron diffraction studies .*

bave becn made of this system, 4131921259 including both scanned-angle and
scanned-energy measurements, and we will consider a few of these.

Higher-energy scanned-angle XPD measurements have been made for this
system by Connelly er al. (Fig. 44 in Ref. 9), and experimental azimuthal scans of
S 2p emission at grazing takeoff angles are found to be in good agreement with
SSC-PW calculations for the known structure. However, for a structure with this
high a distance above the Ni surface, the effects of forward scattering become
weaker, since the scattering angle from any near-neighbor Ni atom becomes
larger. For example, for the Ni nearest neighbors in the fourfold hollow, a very
low emission angle of 5° with fespect to the surface still corresponds to a
minintum scattering angle of approximately 43° that is well outside of the forward
scattering cone at high energy (cf. Fig. 2). Thus, the strongest contribution to
azimuthal anisotropy is scattering from the other (coplanar) S adsorbate atoms,
for which the scattering angle is simply the emission angle with respect 1o the
surface. The sensitivity of such XPD measurements to the vertical S—Ni distance
is thus expected to be lower than for more nearly in-plane or below-plane
adsorption, and it has been questioned as to whether such measurements will be
sensitive enough to determine structures for any adsorbate sitting well above the
surface.” Several possibilities appear to exist for improving the positional
sensitivity for such (cases: working at higher angular resolutions and taking
advantage of additional diffraction fine structure, using lower energies for which
large-angle and backscattering are stronger, and/or using special polarization
geometries to eahance certain substrate scatterers. Some of these possibilities
thus involve synchrotron radiation, and we consider now their application to the
S/Ni case in both the scanned-angle and scanned-energy modes.

We first look at the influence of higher angular resolution. § 2p azimuthal
XPD data at a polar angle of 13° obtained by Saiki er al.'® with a high angular
resolution of about +1.0° are shown in Fig. 17. The data were obtained in scans
over 100* in ¢ and then mirror-averaged across [110] to improve statistical
accuracy, but all of the features shown were reproduced in the full scan. These
results exhibit considerably more fine structure than similar data obtained with a
23.0° resolution, and the anisotropy is found to go up from 31% to a very high
40% with increased resolution. Also, when these data are compared with the
SSC-SWmvushominthisﬁgute for different z positions of S above the
fourfold hollow, they exhibit a high sensitivity to position. A more quantitative
analysis of these high-resolution results by Saiki er ol using R factors for
comparing experiment and theory™ in fact yields a z value of 1.39 A for this
Sructore that is in excellent agreement with prior work. This analysis furthermore
Permits estimating the first nickel-nickel interplanar distance (d;;), which is
found to be expanded to about 1.86 A from the bulk value of 1.76 A. Thus, there

-
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FIGURE 17. Azimuthal XPD data for S 2p emission from
€{2 x 2) 8 on Ni (001) at a kinslic enargy of 1085 eV
obtained with & high anguiar resolution of

+1.5". The polar angie is 13° with respect 10 the surtace.
‘The anisolropy Alfl., is & high 40% for thess results,
companed 1o only 31% for the same measurement with a
+3.0" angular resoiution; the fine structure is also con-
siderably snhanced with higher resolution, SSC-SW
o o ar cakutations are shown for various distances = of the S
froo] o] &— above the Ni surtace. (From Rel. 100.)

$2p INTENMTY

is considerable potential in using high-energy measurements wi_th high an
resolution, even for adsorption at large z distances aboye approximately 1.0A.
Going to lower energies with synchrotron radiation in such azimuthal
measurements also has potential for such studies. We show in Fig. 18 results for §
15 emission from the ¢(2 X 2)$ overlayer on Ni (001) obtained by Orden et al.'™
Here, the experimental geometry was chosen so that the polarization vector
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was directed rather precisely toward nearest-neighbor Ni atoms for certain
azimuthal positions in a ¢ scan. Backscattering from this type of Ni atom should
also be rather strong at the photoelectron encrgy of 282 ¢V chosen (cf. Fig. 2).
This energy is nonetheless high enough that a single-scattering model should still
be reasonably quantitative. The experimental data is here compared with
SSC-PW calculations for three different bonding sites (bridge, atop, and
fourfold) with reasonable S—Ni bond distances, and the correct fourfold site is
clearly in better agreement with experiment. The agreement is also significantly
improved if a more accurate allowance for correlated vibrations is included ir the
SSC cakulations, as shown by the dashed-dotted curve. !

However, a note of caution is in order concerning the use of different
polarization orientations, since experimental and theoretical work on S/Ni by
Sinkovic er al.™ indicates that a geometry in which the polarization is nearly
perpendicuiar to the electron emission direction (instead of paraliel, as in Fig. 18)
increases the importance of multiple-scattering events and causes more significant
deviations from a simple theoretical model. This is thought to occur through a
weakening of that portion of the photoelectron wave emitted directly in the
detection direction in comparison to the various scattered waves that can interfere
::hh it, The intensity distribution is thus produced by the interﬂcrence of direct

scattered waves that are all of the same magnitude, 2 situdtion rather like
that in LEED Where all contributions to intensity are those due to relatively weak
backscattering; thus, MS effects might be expected to be more important. In most
photoclectron and Auger experiments, the direct-wave amplitudes are stronger
than those of the scattered waves, and it can be argued that this is 2 fundamental
reason for the higher degree of applicability of a single-scattering approach.

Finally, we consider scanned-energy or ARPEFs mcasurements on S/Ni (001)
of the type pioneered by Shirley and co-workers.*** In this type of experiment,
an adsorbate core intensity is measured as a function of kv in a fixed 6, ¢
geometry, and the resuiting exars-like oscillations are analyzed in order to derive
the adsorbate position. The data are usually analyzed as a normalized y(E) or
x(k) function. Figure 19 shows typical experimental data of this type in a
pormal-emistion geometry, for S 15 emission from (2 x 2) S/Ni (001).%
Allowance has been made here for the interference between the S Auger peak at
155-160 ¢V and the S 1s photoelectron peak. These results are compared to both
MSC-SW cakulations by Barton and Shirley™ in Fig. 19a and S$SC-SW
calculations by Sagurton er al.™ in Fig. 19b. The agreement is very good for both
sets of theoretical curves, provided that the first nickel-nicke! interlayer distance
(dy2) is relaxed outward from the bulk value of 1.76 A to 1.84 A (cf. the two
theory curves in Fig. 19b). This interlayer relaxation, as first pointed out by
Barton and Shifey, thus illustrates the high sensitivity of photoelectron
diffraction to subtle structural changes on the order of 0.10 A or less.

It is also clear from this figure and other work on the $/Ni system® - that
both the single-scattering and multiple-scattering approaches describe the ex-
perimental results well and that they also lead 10 very similar structural
conclusions, with only the perpendicular distance for S being different by 0.05 A
between the two analyses. Thus, although the MSC—SW approach is certainly in
principle more accurate and does lead to y(k) amplitudes in better agreement
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with experiment, the SSC-SW method appears capable of a usefully quantitative
descriptiona of the observed oscillations and fine structure. .
Anotheraspectofthisanﬂysisnotedbyhﬂonmdﬂﬂﬂ_ey”nmt
nearest-neighbor backscattering followed by emitter forward scattering (f. Fig.
3b—i)unbeanimpommfactorinpmdudngthefunmplimdeoftheur.us
oscillations at low energies. This may be the reason why the single-scattering
curves in Fig. 19b have lower amplitudes, although a different allowance for
vibrational effects also could play a role.? .
An additional useful aspect of such arrers data is in being able to Fourier
transform x(k) curves to yield peaks which are for some (but not neccssarily afl)
of the strongest scatterers rather directly related to interatomic distances via the
path-jength difference and the scattering angle [cf. Eq. (10)].Thedeyeetowl::g
Fouﬁerm:fomanbeusedinth'smyisdiwmedindmﬂdwl_!hﬂe-.
Howem,m?wﬁumﬁmﬂ:)needmbeuﬁmplymwqul
certain spheres of neighbors as are those of EXAFs and sexars; the reason for this
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is the potentially large number of scattering events and various possible scattering
angles that can be associated with a given region in the transform,?! Nonetheless,
such FTs have been used to rule out certain structures as part of a more detailed
structure determination; we consider such an example in the next section.

423. SﬁffmeI' (001)

about 475eV above threshold; two different emission directions were studied;
[001] and [011], with polarizations oriented in general along the emission
direction (35° off normal toward [011] for (001} emission and along [011] for [011]
emission). Special care was taken to avoid spurious enctgy-dependent effects in
the measuring of intensities, with normalization being needed for both the

incident photon flux and the trunsmission function of the electron-energy”

analyzer. As for S/Ni (001), the interference between the S Auger peak at
155-160eV and the S 1s photoelectron peak was allowed for by carefully
subtracting out the former. Fourier Itnn::forms of the data were made, with the
inner poteatial being treated as an adjustable parameter and the x(k) data being
multiplicd by a Gaussian window function to reduce ringing effects in the final
FT3. The strongest peaks in these transforms were then taken to be semiquantita-
tively indicative of certain near-neighbor path-length differences; this analysis
thus implicitly assumes that the single-scattering Eq. {(10) represents a good
first-order description of the diffraction and that there are no significant
interferences between the effects of different near-neighbor scatterers. The
approximate geometric information from the FT peak positions was found to
point to the fourfold-hollow site as the adsorption position.

The final quantitative determination of the site type and the structure was
made by direcdy comparing the experimental y(k) curves (Fourier filtered to
remove effects due to path-length differences beyond about 20 A) with multiple-
scattering cluster calculations using spherical-wave scattering. As one example of
these recults, Fig. 20a compares experimental curves along the two directions

+ with curves calculated for S adsorbed on three types of sites. It is very clear here

that the fit is best for the fourfold site (cf. similar comparison for the
scanned-angle S/Ni results in Fig. 18).

Pursuing the fourfold site further by means of an R-factor comparison of
expetiment and MSC-SW theory, the authors derive a geometry that includes a
determination of S~Cr distances down to the fifth layer of the substrate. Some of
the results of this R-factor analysis are shown in Fig. 21. It is interesting here that
the two sets of data for emission along [001] and {011] azimuths and with
polarization nearly parallel to each emistion direction are complementary in their
Sensitivities to different structural parameters. The [001] results are much more
seasitive ¢o the Cry-atop position because strong single and multiple backscatter-
ing can be involved (cf. Fig. 3b-i). By contrast, the (011] data is much more
sensitive to the Crropen position for the same ressor. The polarization
Otientations enhance these effects by preferentially directing the initial photo-

electron wave toward these scatterers (cf. Fig. 3a). The final results of this

i Cee



464 CHARLES S. FADLEY

- alop atop
S IR EE AU
o bridge bridge
o \
= . N 4 p e
- gl we
o,
oEj W W'
>
" 4-foid - 4-toid

4. ' 1 é . 1.0 12 4 ] 18 10 12
wave vector (A7)

T T
&
FATIE Do T
T 0s ST j
5 201 theory
=
-a oo L N -
E
® sxperimantal
~0.5 - -
10X theory
. N s N z
4 8 .} 10 12
b

wave vector k (X)

FIGURE 20. {a) Comparison of scanned-energy 5 13 experimantal data for emiasion from of2 x &
Smam)mumﬂmmmmmqaﬂnﬂmmmw
ealculations for diflerent adsorpiion sites of alop, bridge, and fourfold. (b) As in (a), but comparing the
duta obiained i the [011] azimuth to MSC-SW theory for the final optimized fourfold-hollow struckure
with differart pativlength cutoffs of 20 A and 10 A. (From Ref. 20.)

R-factor analysis show an 8% reduction of the mean separation ofth'eﬁmlnd
second Cr layers (compare the 3% expansion in similar S/Ni results in Fig. 19)
andmrthermggestaslightenrmgaﬁonofthewmndhyumduhshtexplm
of the scparation of the second and third layers, although the latter are not fully
conclusive within the error limits of 0.02-0.03 A estimated by the authors.
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A further important point made in this work is that the y(k) curves exhibit
fine structure associated with path-length differences out to about 20 A. Such fine
structure in ArPers data and the need to use rather large clusters of up 50-100
atoms to adequately model S/Ni data have also been discussed previously (see
Fig. 19 and Ref. 21). The work by Terminello ef al. shows this explicity by
comparing experimental y(k) curves for 8/Cr with MSC-5W curves that have
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been cut off at both 10A and 20 A total scattering lengths; these resuits are’
presented in Fig. 20b, where it is clear that the fine structure in experiment i
better modeled by the 20-A curve, especially for wave vectors above about 7 3,
This sensitivity permitted a final determination of Cr layer spacings down to that
between the fourth and fifth layers, although the accuracy decreases from an
estimated £0.02-0.03 A for the first three spacings to +0.07 A for the fourth
spacing measured. It is, finally, worth noting that the approximately 20 A limi
noted here is in the same range as that found in the higher-energy scanned-angle
O/Ni results presented in Fig. 16. Thus, both methods seem to have similar
sensitivity to more-distant neighbors.

This work demonstrates the full power of the scanned-energy approach,
provided that the initial intensities are measured carefully and that the final
results are analyzed by means of a quantitative comparison of experimental y(k)
curves with calculations for a range of choices of geometrical parameters. A very
similar analysis has been carried out for the system (2 X 2) S/Fe (001) by
Zhang et ol.™ Although much more time-consuming multiple-scattering calcula-
tions were used for all of the geometries tried in these cases, it should be possible
in general to do a much more npidseamhforpmmisinggeom‘etrie.sinﬁng}e
scattering, with only fine tuning of the parameters then being required in muitiple
scattering.

4.3. Epitaxial Oxide, Metal, and Semiconductor Overigyers

4.3.1. NiO/Ni (001)

Although the case of NiO grown on Ni (001) considered in the previous
section does not represent perfect epitaxy, the degree of agreement between
experiment at 1200L and theory in Figs. 132 and 14 clearly shows that the
predominant form of NiO present is of (001) orientation. Certain structural
conclusions concerning the form of this oxide and its degree of long-range order
before and after annealing have also been made (section 4.2.1 and Refs. 26b,c).
An analysis of the LEED spot patterns (including a splitting of :he NiO (001)
spots and corresponding XPD dnuinfactsugguuam—dmemnalwp?r-
lattice growth of NiOQ (001) with a lattice constant expanded by exactly § with
respect to the underlying Ni substrate (cf. Fig. 13b). Although LEED patterns for
the unannealed oxide also exhibit a 12-gpot ring throught to be due to NiO
(111),” the XPD results of Figs. 132 and 14 indicate that it is at most a minority
species of the total NiO present, since NiO (111) woukd produce 12-fold
symmetric XPD patterns (bottom theory curves in Figs. lhandu)that_u_'enot
scen experimentally. This example thus indicates a very useful sensitivity of
high-energyXPDtotheoﬁenuﬁonofmepiwdalwerhyeram!.indqmeof
short-range order under various conditions of annealing and deposition.

4.3.2. Cu/Ni (001} and Fe/Cu (001)

We now consider two very different limits of metal-on-metal epitaxial growth
taken from sume of the first experimental studies in this field, those by Egellpﬂ
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and co-workers and Chambers and co-workers: pseudomorphic epitaxial growth

.of Cu on Ni'™'® and island formation by Fe on Cu (001)."™

Figure 22 illustrates high-energy AED foc the first case of Cu on Ni (001).
The different near-neighbor forward scattering events allowed as each new Cu
layer is added are illustrated by the arrows in Fig. 22a. In Fig. 22b, experimental
data from ! are compared to theoretical SSC-PW curves from Bullock
and Fadley.” In Fig. 22c, some of the same experimental data sre compared to
very recent multiple-scattering calculations by Xu and van Hove ™

In Fig. 22b, the relatively abrupt appearance at certain overlayer thicknesses
of forward-scattering features such as those at & = 45° and 90° (normal emission)
can be used a5 a direct measure of the aumber of overlayers in the range of about
0-3ML. Comparison with Fig. 22a also shows that the appearance of each of
these two peaks corresponds to the onset of forward scattering by the two nearest
neighbors encountered in this polar scan from [100] to {001]. The simple origin of
these two peaks has also been directly verified by comparing SSC caleulations
with and without these important scatterers present.”™ -

Thus, simple forward scattering peaks from nearest and next-nearest
neighbors are very useful in studies of epitaxy, as we have also discussed for the
oxide case in the last section. However, the interpretation of weaker features
such as those at ¢ =~ 20° and 70° in Fig. 22b need not be so simple. Calculations
with various atoms removed from the cluster show that these have more complex
origins which roquire at least a full SSC calculation for their explanation.” For
example, the peak near 70° is a superposition of simple forward scattering by
atoms along [103] and [102] and, more importantly, first-order effects (cf. the
inset of Fig. 8) from the atoms along [001] and [101). Thus, for atoms that are
further away than the first three or four spheres of neighbors, a mixed origin
in forward scattering and higher-order interference effects is generally to be
cxpected. This comclusion has also been confirmed in a recent analysis by
Osterwalder er al.*® of an extensive set of high-resolution Ni 2p,,, data from bulk
Ni (001) that we discuss further in section 5.1.

Figure 22a also makes it clear that, in pseudomorphic growth: with the lateral
lattice constants locked to those of Ni, the vertical spacing of the Cu layers will
determine the @ position of the peak near 45°. A *1° change in this peak position
from 45° would correspond to a £0.12-A change in the vertical lattice parameter
or 3 30.06-A change in the interplanar spacing. This sensitivity has in fact
recently beea used by Chambers er al.™** to measure the degree of outward
vertical relaxation in thin Cu overlayers on Ni (001). It should thus be possible to
measure interlayer spacings with accuracies of better than 0.1 A in this way* ™
aithough doing some sort of theoretical modeling at least at the SSC—PW or
SSC-SW level (as Chambers er al. have done'®) is advisable to verify peak
origins, shapes, and predicted shifts with relaxation. Using higher angular
resolution also should be beneficial for such studies by making it possible to
determine forward-scattering peak positions more precisely.

The main point of discrepancy between experiment and SSC-PW theory in
Fig. 22b is that the peak for forward scattering along the nearest-neighbor [101]
direction has a relative intensity too high for thicker overfayers by about a factor
of about 2. As expected from the prior discussion of Fig. 5, using spherical-wave
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scattering in the SSC model is found to significantly improve agreement for this
relative inteasity by reducing it to about 3 of the magnitudes seen in Fig. 22b for
thicknesses >3.0 ML™; it is nonetheless still too high by 1.3~1.5 times in
comparison with expeciment. The remaining discrepancy is due to multiple
scattering effects, and the calculations of Fig. 22c include the additional
defocusing of intensity along the [101] direction. Much more quantitative
agreement with experiment is obtained here. However, even though certaiu
forward-scattering peaks may have their relative intensities decreased by multiple
scattering, it should nonetheless still be possible to use the peaks along {001] and
[101] in the simple way described in the preceding paragraphs to monitor
overlayer thicknesses and determine interlayer relaxations.”-"

A more receat paper by Egelhoff'™ has also looked experimentally at a
single pseudomorphic Cu (001) layer on Ni (001) buried under various numbers
of Ni (001) overlayers. In this work, the attenuation and broadening of certain
features with increasing layer thickness is interpreted as evidence of stronger
maultiple-scattering effects in emission from greater depths. Although the defocus-
ing effects seen in the MS results of Fig. 6 make this a plausible conclusion,
Herman et al.* have made SSC-SW predictions for the cases studied, and these
are found to show very similar attenuation to the experimental data. As onec
cxample of this comparison of experiment and SSC-SW theory, Fig. 23 shows
results for the 917 Auger peak; the experimental data have been corrected for the
@-dependent instrument response by dividing by the curve for a single Cu

)
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nolayer with no overlying Ni (shown as *0 l\:l!..")._ Although the relative
;::ensitzeofthe peak at 45° compared to that a}Wuwgredmed!nm.eoqm
be too high, the trends in experiment as the Ni overlayer is increased in thickness
are surprisingly well reproduced by the SSC cakulations. In .m, the
change in the absolute inte: 'tyofmepeakatdg‘ummmk?e!;|§“u
reproduced by the calculations, and its final broadening out and dnnmum?n of
hnponmceinoomparisonmthepeakatw“nls?wrre?ﬂypmed_
i dﬁnoteduecmtbebmd.ﬂatfeamrewmexpermmn,bom
70° is not fully developed in the single scattering th?ory and t_hat an initial
narrowing of the peak along 45° that may be due to multiple-scattering effects (cf.
the discussion of Fig. 6 and Fig. 22c) is not seen. Experimental errors of as much
as +10-20% in measuring the number of monolayers (cf. calculated curves at
other thicknesses), nswellastheposiblepresemeofdcjfeusmthemm
layer,'*® could also affect the agrecment between experiment and theory. More
recent multiple-scattering calculations for .ttus bumd-mono!lyg :yuem by Xu
and van Hove™ and by Kaduwels et ol.* yield a more quantitative description of
the decrease in intensity of the peak at 0 = 45°, although the experimental
overlayer thicknesses have to be decreased -by from 0.6 to 1.Sh_41. in the
calculations to yield optimum agreement. ]-Iowever, on going to thicker over-
layers on the order of tenotaym. there is still a stronger peak in MS theory than
i iment near @ = 70° ‘
" e%:s“,‘enlthongh such a deeply imbedded emitte_r layer dearly Tepresents an
extreme case of the type shown in Fig. 3b-ii, forwhfdlmulupl:e:oanenngeﬁec!;
ought 10 be maximized, the case for these data definitely exhib!ung_md:eﬁm:s
nmummgasmightbeexpeaedé‘mdthesscwmﬂyﬂ&nMa
semiquantitative description of the data. i
Au;-;nalmofnul:ioninmnecﬁonwiththissmdy“mn?ﬂmthe@mft
classical trajectories can be used to predict when and how maultiple suttenngmll
be important in AED or XPD. Although clas.sinl arguments can be didactically
useful once the correct answer is known, ukmgthem!mther_mstobevet_y
risky, particularly when the quite simple and wave-mechanical SSC model is
already available for comparisons to experiment and to more-accurate calcula-
jons including higher-order multiple scattering. .
mmv:ln:lnowgmrl:ht:) the second system: Fe/Cu (001) as s:.y.d:ed by Chambers,
Wagener, and Weaver'* and by Steigerwald and Egelhoff.™™ Figare 24 shows C:
similar set of AED datafromthehtterstudy_forthemec_:fl’edwtedonm
(001) at ambient temperature and compares it to results like those in Fli)!l ML)
It is striking here that coverages of one ugonolayerorlen(evead?v.mto . o
aiready exhibit the strong forward-scattering peak at 45" durmenmc of fccFein
islandsorclustersatleasttwohyersthick,uweﬂutbebegnmngofthcp::
dongthewﬂaoenomalmodmdwiththme-hyermm..lnﬁq.me 1-221:
Fe.mrvelooksverysimilartothatfmlSMLofpoeud?mmphscOln_:Fls- by
Thaeremlts‘““mdamoredetﬁledsetofpoh:andmmuthaldaudm
Chambers et al."* thus show thntatleasttheﬁntoneormolayusoﬂ"em
undertlmecondiﬁonshavennxongtendencytoagglome‘rlteon(?u(ofﬂ;dI
conclusion that has important implications for the magnetic ptopemesot och
overlayers.'™ This work nicely demonstrates the general usefulness of
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4.3.3. Fe/GaAs (001)

We now consider another example from the work of Chambers er al.}2® jn
which Auger electron diffraction has been applied to the growth of epitaxial
layers of Fe on GaAs (001). This system has been studied extensively because of
its interesting magnetic anisotropies in the surface plane, as first discussed by
Krebs, Jonker, and Prinz.'® It is complicated by the fact that outward diffusion of
As is thought to occur, even though at the same time the Fe atoms appear in teen
to be growing in (001) epitaxy. A polar scan in the {100] azimuth of the
LM, sM, s Fe Auger peak at approximately 710eV kinetic energy provides
further information on how this might be occurring, as illustrated in Fig. 25.
Here, the experimental AED curve of Chambers er al. for 4 10-ML Fe overlayer
on GaAs is compared to an anafogous experimental Fe 2py; XPD curve for a
clean bec Fe (001) surface duc to Herman e al.; the XPD peak furthermore
bas 2 kinetic energy of about 780 eV, very close to that of the Auger peak, 5o that
the two diffraction patterns would be expected to be very similar for a given
crystal structure. In fact, the two experimental curves aré very different, with the
bec Fe (001) showing a much lower intensity for the peak aleng [101] and
different fine structure at polar angles of about 15-30° and 60-75".

Also shown in Fig. 25 are SSC-PW theoretical curves for three overlayer
crystal structures: boc Fe with @ = 2.82 A (the bulk-lattice constant which also
gives a very good wmatch to the GaAs (001)), primitive cubic (pc} Fe with
@ w2824, and foc Fe with ¢ = 2.82 A. It is clear that the fec calculation gives
the best agreement with the Fe/GaAs experimental data as to both the relative
intensity of the [101} peak and the fine structure. The calculations for the other
two structures seriously underestimate the intensity of the peak along the {101}
direction. The bee calculation also agrees best with the XPD curve from clean Fe
(001), particularly as to the relative intensities of the weaker features from
€ = 15° to 75°, even if all of the fine structure is not correctly predicted. Al
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o

vy



72 CHARLES S. FADLEY

EXPERIMENT- o)
Fa/GoAs (001)
10 ML EQUIVALENTS,

EXPERIMENT:
bee Fe (OO1)

Fo LyMasMyg ANISOTROPY
-t
3
~
r

-
-
—
o o —
"

nzoaoa;asosoroaon
POLAR ANGLE, # (DEGREES)

mnsawmmduhmmmum.vmwudh
d-podbdm@ﬂs(bﬂ)(wldm)hwﬁbwmmmhm

mmmmmuwmnmmumbmw
mmhuhm)hummum:m)m-mm.mﬂ
107)

PHOTOELECTRON DIFFRACTION AND AUGER ELECTRON DIFFRACTION 473

calculations predict a strong peak along the normal or [001] direction; this is due
to forward scattering from atoms. with a closest spacing of 1.000a for ali three
structures. Along the [101] direction, by contrast, the feec structure has nearest-
neighbor scatterers at a distance of al\é = 0.707a (cf. Fig. 22a) whereas, in the
bec and pc structures, the nearest scatterers are twice that distance away at
V2a = 1.414a. This explains the stronger forward-scattering peak along [101] in
the foc theory.

The combined experimental and theoretical results in Fig. 25 thus suggest
that the local structure in Fe/GaAs has scatterers that are at the fec positions.
These results have been explained by the interesting proposal®™™® that the
outward-diffusing As atoms occupy the face-centered positions in a bec Fe lattice
s0 85 to yield an overall AED pattern that is essentially fec in nature. Although
Fe and As are slightly separated in atomic number (26 and 33, respectively) so
that the all-Fe calculations of Fig. 25 are not in that case strictly comrect, the
forward-scattering strength that is dominant at these encrgics is not a strong
function of atomic number (but rather of atomic size, as noted in section 3.1.3}, -
and thus these theoretical simulations should be reasonably accurate for the
hypothesized structure as well.

This work thus illustrates another aspect of higher-energy AED and XPD
that should be generally useful‘in studying the detailed structures of complex
epitaxial overlayers that may have impurities present, such as atoms diffusing
outward from the substrate or inward from the surface. An obvious complemen-
tary and useful type of data that could be derived for such a system would be to
Jook at the AED or the XPD of the impurity. For the example of Fe/GaAs, if the
hypothesized structure is correct, As also should show an fcc type of diffraction
pattern, although perhaps weaker or with less fine structure if it is preferentially
segregated to the surface of the Fe overlayer. Another recent example of this
type is 2 combined AED/XPD study of dopant P and Sb atoms in Ge cpitaxial
layers on GaAs (001) by Chambers and Irwin;'* here P was found to occupy
Iattice sites, whereas Sb was segregated to the surface.

43.4. Hg,_Cd, Te (111)

As a final example of an epitaxizl system, we consider a recent scanned-angle
XPD study by Granozzi, Herman et al.'™ of Hg,_,Cd, Te{lll) grown by
biquid-phase epitaxy. This sample underwent transport at atmospheric pressure
before being studied and was minimally ion-bombarded so as to remove a thin
oxide layer from the surface. It was not subjected to bakeout or anncaling after
ion bombardment, to avoid depleting Hg from the surface region. At the ime of
measurement, the value of x was approximately 0.4. In spite of the less-than-ideal
surface expected to remain after such a treatment, XPD wmodulations of
Al/L ., = 15-25% were scen in all of the major photoelectron peaks observable
(Hg 4f,, at a kinetic energy of 1383eV, Cdds, at 1078 eV, and Te3d,, at
910 eV). Qualitatively comparing Hg, Cd, and Te diffractions curves immediately
indicated that the Hg and Cd atoms were occupying similar lattice sites, as
expected.
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As another more subtle structural problem resolvable from this data, the
quesﬁonoftbemmmoftheteminaﬁonoftheauﬁoeabowua_ddmu?d.mg
h,wuthemrﬁoemminatedpreﬁmnﬁﬂlyﬁthdoubkhyﬂshwmguuqnica
(ong)ontopmdanionicTeonthebonox_n(temedModelA)ormﬂlﬂ\e
reverse (termed Model B)? CompaﬁngthemmuthalXitDpunemfoer.nd
TeobtﬁnedatseveralpohrnnglawithSSC—SWalu!lm?mforbmhModeI;A
mdﬂpunﬁtsdctemﬁningthedominmttypeofmm_m.evenfor.am
that probably has a reasonable amount of damage on it. Some of this data is
showninﬁg.%,wthdemiaionnO-}?m;df(bot!:dmmmm
through near-neighbor scattering directions) is conndeted. It is clear that, for
bothmgluofemision.theagreementbetweenupmmt’ndothwryatob?m
ﬁmﬁﬁtnndRhuox’“i:muchbeﬂerforaModdAmmnon;_peakre_m_.u
intensities, positions, and fine structure are much better predicted. Similar
conclusions can be drawn from analogous Te azimuthal scans. ) »

Asoneﬁmhuaspeuofthissmdy,wewmidﬂ:tbefon!udmmgon?n
ofthevuiommajorpeahohunedinﬁg.%mththeudofﬁg:ﬂ,m
indicates the several ncas-neighbor forward-scattering events possible in a surface
terminated as in Model A, For the data at 8 = 19, the cffects of the event
labelled as 6 = 19°, ¢ = 0° arc clear in both experiment and theory. For the data
at @ = 35°, the principal peaks arc due to events of the types labelled 8 = 35°,
¢ = 60° and 6 = 30°, ¢ = 30°, 90°, ]

The analogous Te curves at these polar ang!es are very d!ﬂe:entﬁomthose
of Cd in both experiment and theory, with péak shifts and relative intensity

o ()
sEC-Sw -
{11A
oty nanty
g o* &0 120*
=3 (b) FIGURE 28. Al Kax-exched azimuthal
35 o scans of Cd 3¢, inlensites from
3 Hp,_.Cd Te(i11}) (x=~04) at polar
504 anges of (a) 19" and {b) 35° pessing
Rean through or very close ¥ forward-acattering
m low-index diecions shown In #g. 27
s i=1, ¢=0, 0ud5, o=00,
and @ = 307, ¢ = 307, 90°. Alas shown &e
P SSC-SW curves for the two possibie aur-
s face Sermineiions (Model A = Cd or Hg on
o 50° 120 muod-ls-nmm).bg_:t:mﬂ
Azimuthal faciors comparing expevicnent theory.
Angle (From Raef. 108.)
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AGURE 27, Parspactive view of the unreconstructed (111) surtace of Hg,_,Cd,Te(111) in the

MAmmummmma,¢m«anmfwm
dirsciions along which forward might be expected 10 be strong. These directions would be
Mmhhm(iﬂ)u“dwmmmhdnﬂuuoorm
sinciure, as will be uped ister in discussing Fig. 38.

changes. In particular, the peaks at § = 35°, ¢-30.'and90‘foerdisappear '
inTemdmmphoadbytwowukerfeaturesatO-BS',¢~38°and80°.'111is‘

is easily explained, since Fig. 27 shows that, in an A-type termination, the peaks
that disappear are only strong forward-scattering events in the first double layer
for Cd emission; thus, they are not expected to be seen for Te.
Inspection of other azimuthal data of this type shows that most of the strong
features can be amigned an origin in the various simple near-neighbor forward-

leluethgeﬁecuilluutedinﬁg.rl.althoughitisagainimpomnttorealize‘

that higher-order interference cffects can significantly influence the intensities due
to forward scattering by atoms further from the emitter (cf. the discussion of Fig.
22 and, below, Figs. 37 and 38).

This study thus illustrates the further usc of higher-energy XPD for epitaxial

g™

systems, for which bonding sites of substitutional atoms and the type of surface .

termination of a compound semiconductor can be determined.

4.3.5. Difiraction Effects in Quantitative Analysis and Photoeiectron-detected
EXAFS

We coaclude this discussion of epitaxial systems with two notes of caution
mcunhgthemngdiﬁuﬁoneﬁemthnmexpectedineitherphotoelomon
or Auger emission from well-ordered lattices.

Diffraction Effects Must Be Carefully Allowed for in Any Attempt to Do |

Quantitative Analyses of Surface Composition. Methods of correcting for such
effects have been considered by both Connelly er al., for simple adsorption on a
metal,'® and more recently for semiconductor surfaces by Alnot er al.'™® Not

adequately allowing for such effects can lead to errors of as high as £50% in
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measured ichiometries! Some of the methods for such corrections are
wm::::mnionmobuined in more lhanonepolarora‘a‘mum.;
scan, taking advantage of the u-yml-stmm.m symmetry to find scans in wl_:ich
different constituents will have ne.trl.% idenuc.al d:ﬁncnon pattm'(e.g., this is
possible in the zincblende structure''”), or using theoretical calculations to try to
determine directions is which diffraction effects can be negleaed

Bymm.gpﬂmﬁﬂlyuseﬁﬂaspec}ofdﬂh?mqneﬁmform
analysis is in monitoring intepsities along different directions as a fugmon of
coverage during epitaxial growth, as suggested by Idzerda e ‘ul. Model
calculations of such curves in the SSC-PW model suggest that it should be
possible to resolve the completion of the first few layers of growth.

The Use of Photoelectron Iniensities u:d;lz;itor Exars-like osdumx
uires Sufficient Angular Averaging. The i using photoelectron in
:teizswmemoﬁnaﬁoqurnear—sumsp?dshumﬂym
proposed by Rothberg er al'"' and applied to semiconductor systems by
Choudbary et al.' It is clear from the strong oscillations of up to 70% seen in
scanned-energy photoelectron diffraction and their fimmnc dependenee on
emission direction (cf. Fig. 20) that an adequate avengmgoderdl.remon must be
undertaken to yield something related to the 4x-averaged EXAFS -ngml. Although
this is automatic for disordered or polycrystalline systuns,“. it is problematic in
single-cystal studies. Lee*! has in fact questioned on theoretical grounds whether
mmemaﬁmmmamgingpoaibkinpbomtor.m“:uu
mﬁdentwyiddthemﬁmh.NoneMm,.pmlfmmwt_dmdP
of this type'? using the modest type of averaging inherent in the conical solid
mgleofacyﬁndricalminormnlymr(m@)nppmmy:eldmrﬂﬂwdau.
However, it is the author’s opinion that a ungle-geo!netry CM.A measurement
dosnotrcpresentmﬁdentanguhravmgingtorehnblyylddthgm.hmt
mdthatthedosesimilarityofthuerendttomd.numyh.aven_ﬁormm
component. Perhaps measuring intensities for sevenl different orientations of the
specimen with respect to the anmalyzer would improve the reliability of this
approlch,butitisnot'dwthatthishubeendonetodlte.'lh?whd-agé

avcngingofapuﬁaﬂarmalyuroogsldalsobed{ed;edbyuny{qgout
calculations over the directions Wmoth lndtmsummmgﬂ these intensitics, as was

recent] Idzerda ez al. in er context. .

MOmaﬂ?bl:yth}ﬂ'DmdAEDthushwecomid?nbhpomnﬂﬁonheaudy
of&emaphologyoftheﬁntl—Shyenofa_ne?mﬁdmmm:‘:.
peahneexpectedwbedirealyoonneaedv.nthnm?lefmmdmmins or
tbeﬁmfewsphemofneighbonuoundagwen.mwr.wmmuﬁv:
inwheampapoﬁﬁonofmerdtypuolm}tmwe?u.m:qm::essc
analy:isonhefnnimensityproﬁlewiﬂmqmulwlm?satmu >
level.?mdicﬁngpcakrehﬁveintmm‘ﬁueonec}lyif_enﬂmonuhngadem_
of atoms is involved may also require the inclusion of multiple scattenng.
However, much useful information about the surhcz structure, kya thlckl:::;
morphology, impurity-site type,andmrﬁeetemm?nsbouldbedenxeble

a consideration of the possible strong forward-scattering peaks due to nearest
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neighbors (cf. Figs. 22 and 27) combined with theoretical modeling at the single
scattering level.

4.4. Metal—Semiconductor Interface Formation

We now consider two recent examples of the application of higher-energy
XFD to the study of metal~semiconductor interface formation. This kind of XPD
study was pioneered by Kono and co-workers, and more detailed discussions
sppear  elsewhere, including work on other metal-semiconductor
combinations.® ! The examples chosen here both involve the initial stage of
metal reaction with Si surfaces and represent structures over which controversy
still exists. The examples differ in the final structure proposed. The first case,
K/Si (001), is a metal overlayer relatively far above the Si surface. The second
case, Ag/Si (111), is a metal layer nearly coplanar with the first Si layer. This
strongly affects the degree and manner in which forward scattering by Si or metal
atoms influences the observed diffraction patterns. -

4.4.1. K/Si (001)

In this study by Abukawa and Kono,'}* azimuthal K 2p XPD data have been
obtained for the structure formed by depositing K to saturation onto the Si {001)
(2 % 1) reconstructed surface. The substrate surface is thought from a number
of previous studies to consist of rows of dimers, as shown by the small: open
circles in Fig. 28. The most-ofte: -discussed model for the potassium structure on
this surface is the so<called one-dimensional-alkali-chain (ODAC) model illus-
trated in Fig. 28a; it corresponds to a 4 ML coverage, and leaves open grooves
adjacent to cach high-lying row. However, there is still considerable controversy
surrounding the structure of K adsorbed on $i (001), and this geometry has aot
been directly determined.* There is also disagreement as to what constitutes the
saturation coverage of K on the surface 114115

(a) ODAC MODEL: (b} L MODEL:

i
il
5%?%%5

SIDE VIEW
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Even before considering the actual XPD data, we note that, if only atoms of
typeK,intheODACsuuctuemprewnt,thediﬁncﬁonp?mmmube
dominatedbyfomudmneﬁngﬁomothetmltom,mdthumldf!mm.
morebestmngonlyformyloweandalongthe(l,-l.o)lwrsforwhwhme
interatomic distances ere shortest. The Si atoms should play only a minor role,
perhapsProdudngﬁnemmintheldmuthnlmﬁorvetymmg
mgiwduﬁmumdapeﬁmmauformkmmmm
rehﬁvemthemxiaoeof14'-22'is|hownasthepoinumﬁg.?.‘mem
peakisseenakmg(100)forarehtivelyhighvalueof6-14:an.obmmn
whichalreadyseemsltoddswiththeODACmodel.Comdmng‘akom
expeﬁmmtﬂmisouopyuﬂ_,(cdeﬂongle_ﬁofﬁm).wemthatnmlee
ahighsaboutm.avﬂuewhichisngmﬁmﬂyammwm

for such higher-0 scattering from neighbor atoms that are either all
in-planeoraﬂbelow—phneteh&vetotheenﬁuer(cf. Fig. 15 for (2 x 2) O/Ni

ical example).

(ml?l:lse:etyrpe‘sults mgges)t trying in addition to the ODAC_model another
suuctuminwhichthetemmnemweﬂabovewmeK_emnen.Onemd:
modelist.heobviousoneofputﬁngmwsofatonsoftypelﬁ-mdlofthem
to yield a 1-ML coverage, as illustrated in Fig. 28b. For this double-hycr.(DL)
model, strong forward scattering can occur for hi_ghertakeoﬂ angles, as indicated
bytheammalongboth {110) and (100} djrwuons.Forverylowukeoﬁ.anglu
apprmchinsum.eithermodelkapeaedwshwmsﬁoiwdmu!ngfor
emkﬁondmgthexmpanndw(l,—l.o).mpcmofmwm@m
dom:insofeithermuauremutedbwaithrespeﬂmonemMahohnphs
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summing two diffraction patterns in the analysis and overall C,, symmetry in both
the observed and calculated patterns.

Comparing these experimental data to SSC-PW (or very similar SSC-5W)
calculations for the two models''® is now found to yield dearly superior

for the DL model (solid curves in Fig. 29). The strong peak at ¢ = (°
which grows in for & approaching 14° can be explained as being due to emission
from K, atoms and scattering by their scoond-nearest K, neighbors along (100).
The peaks along (110) and {1, —1,0) are due to K; emission again, but now
involve scattering from nearest-neighbor K, atoms (and 2 sum over domains 90°
apart). Additional azimuthal data for @ as low as 4*''* show strong peaks for
$ = £45° that can be ascribed to the expected forward scattering along
{1,-1,0) directions within either K, or K, rows. Not surprisingly, these latter
peaks are also present for very low 8 in the theoretical curves for both models,
and they are the most significant features in calculations for the ODAC model.
Comparing experiment and theory for these lower-8 data also is found to support
the DL model. By testing various vertical placements of the two K row types, the-
authors were able to determine a 1.1 A vertical separation between the two K
rows, and less accurately to determine that the bottom K row was not lower than
sbout 0.5 A above the first Si layer. For such a 1.1-A separation, the K,-K,
distance is 3.99'A and slightly larger than the K~K distance of 3.84 A along cither
the K, or K, rows. It is also interesting that, for this structure, the K, — K,
forward scattering peaks should occur at 6 =~ 16° along (110] and & = 11° along
[100]; this explains the strong peaks scen in the data over this range of polar
angles. The registry of the DL along (1, —1, 0} with respect to the underlying Si
surface was not determined, but the six-coordinste site shown in Fig. 28b for
atoms of type K, is that predicted by theory to be the lowest energy.'™**

In a more recent theoretical study of this system by Ramirez, '™ it is found
that sdsorption in groove sites (including type K, in Fig. 28b) is significantly
lower in energy than the six-coordinate site shown for K, atoms. Thus, adsorption
in the grooves is supported by theory s well. However, the 1-ML structure
proposed in this study is different from Fig. 28b in that the atoms of type K, are
shifted aloag the (1, ~1,0) direction so as to be directly oppotite the Si dimers.
The K atoms in this model are also predicted to be approximately in-plane with
relpeamtheSidimen.However,itisdoubtfulthatthismucturewouldyield
the strong forward scattering peak seen in XPD along ¢ = 0" for relatively high
theta values of 12-16". Thus, even though these calcufations'™ indicate that a
double layer with such shifted K, atoms is Jower in energy than the structure
shown in Fig. 28b, the latter structure still represents a better choice based upon
the XPD data.

Ovenall, these XPD results thus provide important new insights into the
bonding of K oa Si (001) and illustrate several aspects of the use of this technique
fior metal-semiconductor studies. '

442, Ag/SI(111)

The Ag/Si (111) system has been studied by almost every modern surface-
science technique and is known to exhibit, among other things, a well-ordered

ey -

ey -

.
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Ap structure and the formation of fec Ag clusters or is!mds with (111)
gx:nm:fof that go above the 0.7-1.0 ML needed just to form the

(V3 X V3) structure #4117 In the following section, we consider the use of
XPD in studying such clusters; here, we concentrate on a recent XPD study by
Bullock et . of the (V' 3 X V/3) structure.™* '
Inthissmdy,pohrandn:immhalAgM,a)ﬂ’demobtamegfm.
weli-ordered and very stable (V3 x V3)Ag structure, and these experimental
readtsmmmmariudinﬁp.mmdﬂ.nemhmdmeleumt!m
ofthepolarsunsinﬁg.%hﬁmtcsmabsenmofmngforwnrdmmns
eﬂ’ects,uocptpahapsatverylowukeoﬁmgles.of8~4-:8‘whemafou-r-p¢.k
structure is seen in Fig. 31. A simple geomemccalc!thnthenpemuu,e
conclusion that the Ag cannot be more than approximately 0.5A below the
surface Si layer. This is also consistent with the lower anisotropy values of no
more than 21% that are found for the azimuthal scans of Fig. 3. It can thus be
wndudedthatthemmnos&ongforwudm?tmabmthe{\g.m
aﬁmuthﬂdammdwhﬂlymninentﬁthmefrhermmdyofthum
byKonoe:aL,"buttheynremoredetailedinmvotvmgﬁ:llm ¢ scans and
values.
mrelteis beyond the scope of this review to discuss the many models that have
beenmdarebeingpmposedforthisstmaure,butnﬂkgownmmrum
beentestedaglinslthisazimuthaldatabyBu!locketdL, l_mnngacton."’lsthe
final quantitative measure of goodness of fit. The calcuhnfmswe;eumedout at
theSSC—SWlevel,andinﬁmlopﬁmiuﬁonsllsgmthtbefun.ﬁnﬂ-uate
intufmeneeodeemisionintopmdfchmek.(l}mhﬁerooneﬁonwn?t
found to alter the structural conclusions, a result which is expected to be true in
genenlforhighu—energym,buteeminlynotforwrkatlesthmnfew
hundred eV, as discussed in section 3.1.2).

AQ My INTENSITY

FIGUAE 30. Polar XPD scans of Ag
muyuﬂao.vmmm(\’"%
Ag structure on S (111) formed after

an =13-ML Ag overisyer 10 550°C; b) & A9
overisyer of spprowimately 2 MWL sversge
thickness st 450°C; and (¢) a thick Ag over
leyer of approsimately B ML thickness sl
ambient tempersiure. (From Rel. 50.)
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FQURE 31. Azimuthal XPD scans of Ag 3d,, intensity from (V3 x V3} Ag/Si (111) at polar angles
from 4° 5 20° (solid Enas) are compared 10 SSC-SW caiculations for the optimized two-domain model
of Fig. 32 (broken Enes), for which &, = &, = 086 A; z, = —0.10A, 7, = 030 A, and a 50:50
mbdure of the two domains. Full final-state interference in the d- 10 —p + f emission process has
been includec. This comparison yiekds an R factor of 0,14 (cf. values in Figs. 21 and 26). (From Ret.
50) _

The final model proposed on the basis of this work is for two nearly
equivalent domains of Ag in & honeycomb array on a Si surface that has had the
top layer of the first Si double layer removed. This two-domain missing-top-layer
{MTL) model is illustrated in top view in Fig. 32. The optimized structural
parameters are a contraction of the Si trimers toward one another in both
domains of 5, = 5, = 0.86 A, vertical distances of the Ag relative to the Si layer
of z; = —0.1 A for Domain 1 and z, = —0.3 A for Domain 2 (that is, the Ag is
very nearly coplanar with the Si in both domains, but just slightly below it),
and a mixture of the two domain types that is between 50:50 and 40:60, with
Domain 2 perhaps being slightly more predominant. The fits between experiment
and theory for this fully optimized structure are shown in Fig. 31. All other
models that have been tried yield significantly worse agreement as judged both
visually and by R factors. This two-domain model is aiso closely related to one
derived in a prior XPD study by Kono e al.: a single-domain MTL Ag
honeycomb structure of type 1 with s = 0.66A and a vertical distance of
—0.15A. The presence of Domain 2 is suggested to explain the four-peak
structure at low @ values in Fig. 31, as illustrated by the nearest-neighbor
forward-scattering peaks for the two domains shown at the bottom of Fig. 32. For



482 CHARLES S. FADLEY

Domain 1 l—"’s Domain 2

mumummmw(mwmmum:ﬁ
'Si (111}. The paramaters characterizing R are: vertical positions 2, = =0. - —
glyun:mn}mmu:.-s,-oukwasozsomuoénwnmz fower halt

of the figure shows the two sets of nearest-neighbor Si peaks that produce the
m-pukmumﬂluwevﬂmhﬁg.ﬂ.ﬁmﬂd.m)

the lowest 8 values near 4°, an additional correction of possible importance is the
reduction of nearest-neighbor Si forward-scattering strengths due to multiple
scattering effects along the nearly linear rows of atoms that can be Iabelled Ag
emitter — Si first-neighbor scatterer ~» Si second-neighbor scatterer (cf. Figs. 32,
3b, and 6); very recent MS calculations by Herman er al. ™ show that this
reduces the absolute peak intensities for 8 = 4° and ¢ = 16°, 44°, 76°, nnd 104*
by about 30%, thus improving the agreement of theoretical and experimental
anisotropies. )
Afunhe:intemﬁngpointinmneeﬁoniwimthi:mnm:mm
LEED study of the clean Si (111) surface by Fan er ol concudes that a
listle-studied (V3 X V3) Si reconstruction has very nearly the same geometry »s
Domain 1 in Fig. 32 if Ag adatoms are replaced by Si adatoms. Although these
authors do not consider the possibility of a second domain of type 2 for (V3 x
V3) Si, it might be expected to have approximately the same energy (due to weak
founh-hyerintmaions)mdthmahotoexinonthedmmfw?.mmk
musmdssupponmthetwo-dominmodelforw3x&u.mmm
imagine its growth simply by replacing the Si adatoms wi atoms.
gl’l"::isstrm:tm-eis:’ti!l'l\feryconmlwemial. and these results thus cannot be
ulledwnduﬁve,butmeyfuuhummtethemymmbemedforﬂql
metal-semiconductor studies. This study is also state-of-the-art for XPD in that it
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involves a large azimuthal data set, SSC—SW calculations with correct final-state
interference, and the use of R factors™ to judge goodness of fit. As one
qualitative figure of merit in connection with this study, the minimum R factors of
0.14 found are about } of those found in recent Leep studies of the same

m' 1nr.1s

4.5. Supported Clusters

Indli:section,webﬁeﬂyoonsidertwoenmpluofhowhigher-encrgy)mb
has been used to study the formation of three-dimensional clusters on surfaces,
(A third example has already been considered in the data for Fe deposited on Cu
(001) shown in Fig. 24, where agglomeration effects are visible even for very low
coverages.)

45.1. Ag/Si (111)

We have noted in the last section that Ag readily forms islands and
three-dimensional clusters on the Si (111) surface if the coverage excceds the
0.7-1L.OML needed for the (V3 X V/3) Ag structure. If these clusters are more
than one atomic layet in thickness, then strong forward-scattering effects are
expected for cmitters in the lower layer(s) of the cluster. Such effects are
illustrated in Fig. 30b,c, where polar scans of Ag3dy, inteasity have been
measured first in Fig. 30c for a thick Ag reference layer of approximately 6 ML
thickness, and then after heating to 450 °C so as to desorb all but an average
coverage of about 2 ML. In Fig. 30c, a LEED pattern characteristic of the epitaxial
Ag(111) that is known to grow on Si (111) is seen, and strong diffraction peaks
due to buried-atom emission from this thick overlayer are found. In Fig. 30b, the
Ag (111) LeED pattern is weakly present and there are still clear remnants of the
photoelectron-diffraction features seen in the thick overlayer. Thus, such XPD
Ppeficins are very sensitive to the presence of three-dimensional islands.

Thepuviomdisamionofﬁp.zzmd?sahomggemthnitmightbe
possible to estimate the average thickness of suck clusters up to about SML,
where the XPD features begin to converge to the bulk pattern. An additional
type of information that could be very uscful for some systems is the orientation
of the cluster crystal axes with respect to the surface normal. In fact, even if
clusters grow in a textured way (that is, without preferred azimuthal orientation),
polar scans of the type shown here should permit determining whether there is
any preferred vertical axis. Bullock and Fadley*™'*® have also recently pointed
out that, even for two-dimensiona] islands, it should be possible to use low-8
azimuthal scans to determine the island orientation and, for smaller islands, the
average number of atoms present. .

452 PYTIO,
As 2 second example of cluster studies using XPD, Tamura ef al.'® have

considered the interaction of Pt with three low-index faces of TiO,, a system of
interest in catalysis and for which the so-called strong metal-support interaction

P o

ro ™
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(SMSI) can occur. In this study, Pt was deposited at room temperature to a mean
thickness of about 10 ML onto the (110), (100), and (001) surfaces of TiQ,, and
azimuthal XPD measurements were made at different polar angles for the Ti 2p
and O 1s photoelectron peaks before deposition and for the Pt 4f peaks after
deposition. Similar Pt 4f measurements were made after annealing the samples up
to 800 K.

Some of these results are shown in Fig. 33a for the (110) surface at 8 = 40
and Fig. 33b for (100) at 6 = 45°. Considering first Fig. 33a, we see that curves
(i) and (ii) show weak diffraction features for both Ti 2p (ciean) and Pt 4f (just
after the deposition). The nonconstant background under these curves, particu-
larly for (ii), is thought to be due to a nonuniform deposition over the region of
the sample seen by the electron analyzer; thus, with changes in ¢, 2 slightly
different area and average Pt thickness might be seen. After the high-temperature
anneal, the Pt 4f features in (jii) are strongly enhanced, with a concomitant
increase in the anisotropy Alfl.. from 16% to 29%. This is consistent with the
growth of thicker or larger clusters upon annealing, aithough (ii) indicates that
some sort of ordering must be present even without annealing. Finally, (iv) shows
a theoretical calenlation based upon PW-cluster calculations with the effects of
double scattering included. (The possible risk of including only double-scattering
events has been mentioned aiready in section 3.2). The Pt clusters assumed had
(111) orientation and contained 13 atoms in three planes; two Symmetry-
equivalent orientations with respect to the substrate 180° apart were considered.
The resulting curve in (iv) is found to agree rather well with the anpealed Pt 4f
experimental results, suggesting that the clusters are growing with preferred (111)
orientation.

A similar set of data for the (100) surface are shown in Fig. 33b. Here, (i)
and (ii) exhibit strong diffraction from the O 1s and Ti 2p peaks of the substrate.
Curve (iii) shows the strong diffraction of Pt 4f after the anneal. (A more uniform
deposition of Pt has here made the background levels very flat.) Finally, curve
(iv) is calculated for the same type of two-domain, three-layer Pt cluster [but with
different assumed registry with the (100) surface], and it again shows good
agreement with experiment, suggesting (111) orientation for the clusters on this
surface as well.

For the third (001) surface studied, it is interesting that the Pt 4f oscillations
were weak both before and after annealing, -indicating a different kind of
averlayer growth and/or a lower degree of cluster formation. .

Together the three studies related to clusters that have been considered up 10
mispointiﬂnmmtheuﬁﬁtyofbothpolumdaﬁmuthdmormdlnfor
studying the amount of cluster formation present and the average orientation and
morphology of the aggregates formed. Two possible limitations of this kind of
study are that XPD and AED average over all of the clusters present and so
cannot easily be used to estimate the cluster-size distribution. In certain cases, it
might even be difficult to detect the difference between, for exampie, a full 4-ML
epitaxial overlayer and a collection of independent clusters with an sverage
thickness of 4ML, even if the crystallographic orientation could be easily
determined. Although with careful measurementi of both substrate and
deposited-atom intensities before and after deposition and/or heat treatment, the
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implicit effects of “patching” in cluster growth should be evident in deposited.
atom—substrate relative intensities. Simple formulas for analyzing such patched-
overlayer relative intensities appear elsewhere.” It is also clear that combining
XPD or higher-energy AED with scanning tunneling microscopy (STM) would
yield a particularly powerful set of data for cluster and epitaxial growth studies.
This is because STM can be used to measure directly both the cluster size
distribution and the step and defect densities that are averaged over in
XPD/AED. But it may be difficult or impossible with STM to see into a cluster or
overlayer 50 as to determine its crystallographic orientation or thickness. This is
because STM cannot probe below the surface density of states and also is not

atom-specific.

4.6. Core Leve! Surface Shifts and Chermical Shifts

A further type of problem that has been studied by low-energy photoelectron
diffraction using synchrotron radiation for excitation is metal core level surface
shifts B2 @212 In particular, Sebilleau, Treglia er o' have tuned the
photoelectron energy to low values to achieve high surface sensitivity and have
looked with high energy resolution at photoelectron diffraction from such
surface-shifted core levels. .

Some of their results for tungsten 4f emission from W (100) are itlustrated in
Fig. 34, where both the surface and bulk peaks are shown, together with their
individual azimuthal diffraction patterns and corresponding SSC-PW theoretical
curves. The two types of peaks clearly exhibit very different diffraction patterns,
and both of these are rather well predicted by the SSC model, even at this quite
low photoclectron energy of approximately 30eV. It is remarkable that a
single-scattering approach is 50 quantitative at such a low energy, and this may to
some degree be fortuitous. However, later work by Treglia er al'*®* has
reached similar conclusions, with the only qualification being that it is necessary
at such energies to use the correct final-state angular momenta, as expected from
the discussion of Fig. 4 in section 3.1.2. For the low energy of this case, the
4f to-ed channel is assumed to be dominant.

This work thus illustrates the added ability of photoelectron diffraction to
carry out independent structure determinations of physically or chemically
different species of the same atom through core level shifts. These shifts are not
limited to the ciean-surface type considered above, but may also involve the
well-known chemical shifts commonly seen when different chemical bonding or
oxidation states are present. Such state-specific structure studies should be a very
powufulpmbeofsurfacemcﬁom.omhyergrwth,mdinmﬁceformaﬁon.
They will, however, require very high energy resolutions of 0.3 eV or better to be
fully effective in resolving small shifts.

As an obvious example for future work, it should also be possible to do
smo-cpedﬁcdiﬁncﬁonnudiuonunﬁeonductorsum,mbmhdun
surfaces™* and chemically reacted surfaces'™™ exhibit shifted core levels
characteristic of the different bonding sites and/or oxidation states.

One technologically important example of a semiconductor system for which
more structural information concerning different chemical species would be useful
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is the formation of the interface between SiO; and Si. Figure 35 shows high-
resolution Si 2py, core spectra obtained by Himpsel er af.'® from Si(100) f:d -

Si(111) surfaces that were thermally oxidized in UHV conditions (2.5 Torr O

7507 C, 20 sec) 30 as to produce a very thin 5-A oxide film. The ove:(:ll resolution
here was 0.3 ¢V, and it is striking that all of the oxidation states of Si are clearly
segn'.'fromtheelemennlmbmtetothe 4+ dioxide. The different nature of the
oxidizing surface for Si (111) is further found to lead to a suppression of the Si**
_thﬁe.lhuemtumdilteoddaﬁonmmmthoughuobelnodatedﬁththe
interface, and, from quantitative estimates of the different depth distributions of
fhuem.itiseondudedthﬂmextendedntherthmnbmpt interface is
involved. Models of such an extended interface have been proposed by Himpsel
et al, but these cannot be tested in detail without additional data. It seems clear
that mtdy measuring the scanned-angle photoelectron diffraction patterns of
the differeat oxidation states would provide some very useful information in this
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FIGURE 35. The SI 2p,, components of Si 2p spectra from thin cxide fims of approximately § A
mmm;::onsa(1oo)msx(111)mmmunmmwus#*vs
{111), assumed 1o be due to structural difierences in the imerface. [From Rel. 123(c).]

direction, since cach state is hypothesized to occupy one or at most a few distinct
site relative to the substrate lattice. ]

tJs'tlptel:ough these are difficalt experiments at preseant, the demled state-by-
state information derivable should help in unraveling the microscopic structures
ofmysmfaeeandimerfacesystems.neinglblewmnephowqe?ergyaofm
mymrhcesensiﬁvityortomoveonoroﬂofm!nnt hotomonoondmom
would also be an advantage, as noted in prior studies. Gom;tohgherpbotg
encrgy not only permits looking deeper into the material and assessing
rdaﬁvedepthdkﬁibuﬁonsofthediﬂmutspedu,but@daholqum
simply interpretable forward-scattering peaks f.or ‘emission from mmfaoe-.
associated atoms. A disadvantage of higher enesgies is that :he_mbmte ngnll
tends to dominate the spectrum, but with high enough res?luuon and suitable
reference spectra for subtracting the substrate signal, such high-energy measure-
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ments should be possible. Synchrotron radiation will thus be necessary to fully
exploit this potential for studying interface growth by state-specific photoelectron
diffraction.

4.7. Surface Phase Transitions

We conclude this discussion of applications of photoelectron diffraction and
Auger electron diffraction by considering briefly their possible use in studying
various types of sucface phase transitions such as surface premelting, roughening,
or disordering at a temperature below the bulk meiting temperature, '™ as well as
surface reconstructions that are temperature-dependent.'®** The short-range
order and directional sensitivity of both PD and AED suggest that they should be
useful probes of such surface phase transitions, which may involve changes in
near-neighbor atom positions andfor the introduction of considerably more
disorder in these positions. The number of such studies is still very small, but the
most recent are quite promising. -

An unsuccessful attempt at observing surface premelting for Cu (001) in
grazing-emission XPD was made some time ago by Trehan and Fadley.* For this
surface, roughening and possibly faceting was observed before any evidence was
seen in the XPD ahisotropies of the extra disorder associated with surface
melting. However, much more recently, evidence for surface phase transitions
involving surface disordering and perhaps premetlting has been seen in XPD from
two separate systems: Pb (110) by Breuer, Knauff, and Bonzel'® and Ge (111) by
Friedman, Tran, and Fadley.'™

For the case of Ge (111), prior Leep studies and theoretical modeling by
McRac and co-workers'® indicate that there is a reversible surface order—
disorder transition at a temperature of 1060 K that is 0.88 times the bulk melting
temperature. Is this transition visible in XPD? In Fig. 36, we show such XPD
data in which the Ge 3d azimuthal anisotropy was monitored as a function of
temperature. The polar angle of 19° chosen here causes the emission direction to
sweep through nearest-neighbor forward-scattering directions in the unre-
constructed surface, as shown in Fig. 27. This relatively low 8 value also leads to

Figare 36a shows four azimuthal scans taken at temperatures from ambient
to about S0K above the transition. (Note the expected similarity of the azimuthal
scan at ambient temperature to that for Hg,_.Cd,Te (111) in Fig. 26a.) As the
temperature is increased, the azimutha) curves gradually lose much of their fine

‘structure, and upon passing above the transition point, only two main

remain in the azimuths (1,1, -2] (¢ = 0°) and [-1,2,-1] (¢ = 60°). In Fig.
36b, the intensity of the [1,1,—2] peak coreesponding to nearest-neighbor
scattering is plotted against temperature, and it is clear that an abrupt drop occurs
over the interval 850-1050 K. This drop furthermore cannot be explained by
simple Debye-Waller modeling.

McRac ef al.™™ have measured the intensities of several Leep beams for the
same system as a function of temperature, and their data is similar to Fig. 36b in
that the intensities drop sharply toward 1060 K and level off thereafter. Some of
the Leep intensities drop more rapidly than the curve of Fig. 36b near 1060 K;
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Ge 3d intensity (Arb, Unks)

FIGURE 36. Temperature-dependent szimuthal XPD daia for G 3d emission at 1458 eV from
Ge(111} ot low takeof angle of &= 19°. This @ valus comeeponds 10 scanning through
nearest-neighbor scettering directions for ¢ = 07, as shown in Fig. 27. (z) Four azimuthel scans at
tenperatures from amblent 1o above the order-dieorder transltion. (b) The detallsd temperature
depandence of the height of the psak along ¢ = 0°. 1050 K is where & prior LEXD study (Rel. 127(x))
has sesn evidence for a suriace-disordering transition. Uswight trlangies rapressnt Increasing
tempetature; inverted triangles, decreasing temperature. (From Rel. 128.)

some have a form very similar to this curve. Thus, it can be concluded that the
same trapsition is observed in both sets of data, even though the iLEEp
measurement is to be sensitive to longer-range order on a scale of
apptox‘i&matelylw , whereas XPD should probe distances on the order of
10-20 A. ,

Although these XPD results have not as yet been analyzed in detail 5o as to
derive additional structural information, it is clear that obtaining both polar and
azimuthal data at temperatures below and above the transition temperature and
comparing the diffraction structures seen with calculations for different types of
disorder models should yield a better understanding of this and other surface
phase transitions. ;

Similar abrupt changes in polar-scan diffraction anisotropies have also been
seen by Breuer er al.'® for the surface disordering of Pb (110), which bas been
observed previously with Rutherford backscattering and low-energy electron
diffraction 2
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As one interesting future direction for such work, the study of surface phase
transitions should also benefit greatly from doing separate diffraction measure-
ments on the various core peaks observed. For example, the Ge (111) surface
exhibits one bulk peak and two surface peaks'™® that could all be studied
scparately. However, the smalt shifts of only about 0.3-0.7 eV involved here
would require very-high-resolution data and the use of curve-deconvolution

5. FUTURE DIRECTIONS

5.1. Measurernents with High Angular Resolution and Bragg-like Reflections

As noted previously, most prior PD and AED measurements have been
carried out with resolutions of at best a few degrees in half angle. In many
systems, the acceptance solid angle is also not a simple cone, but may have
different dimensions along two perpendicular axes.” For future work, the
question thus arises a3 to what additional information might be gained by going to

. much better conic resolutions of, for example, +1.0°.

As discussed in section 2, various methods exist for limiting angular spreads
upon entry into the analyzer, but one which has the advantages of being very
certain in its limits and operationally very convenient is the insertion of extérnally
selectable angle-defining tube or channel arrays between sample and analyzer
catry. The use of such channel arrays has been discussed by White ef al.,* and
they have been used to precisely limit angles to £1.5° or better (that is, <} of
typical prior solid angles).

We have already discussed two examples of this kind of data: for NiO grown
on Ni (001) in Fig. 14 and for ¢{2 % 2) § on Ni (001) in Fig. 17. For these cases,
we have pointed out the greater seasitivity to the degree of short-range order and

As a final example of the dramatic effects seen in going to high angular
resolution, we compare in Figs. 378 and b low- and high-resolution XPD data
obtained by Osterwalder, Stewart et al.** for Ni2p,, emission from a cean
Ni (001) surface at & = 47°. A great deal more fine structure is seen in the data
with £1.5° resolution, and the form of the fine structure for ¢ =~ 25°—65° is in fact
completely changed due to a lower degrec of angular averaging over such
structures. Very narrow features of only a few degrees at FEWHM are also seen in
the results at high resolution.

37c summarizes a more complete set of such high-resolution azimuthal
data for Ni2py, that represents the most detailed investigation of XPD fine
structure to date. Here, the polar angle of emission was varied in 1° steps from
0 = 40° to 50°, pasing through the high-symmetry value of 8 = 45° which
contains the {110) directions of nearest-neighbor scattering in its ¢ scan. Full
360" scans were used to generate each curve, and fourfold averages of this data
into one quadrant shown elsewhere'® agree excellently with the single-quadrant
results preseated here. This three-dimensional plot miakes it clear that high-
energy electron diffraction features can change extremely rapidly with either 8 or

%
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#. These results also qualitatively explain how the approximately +3.0° averaging
in Fig. 37a yields features for ¢ = 25°-65* that are 0 different from those for the
high-angular-resolution curve in Fig. 37b. That is, Fig. 37a represeats an average
over all of the curves in Fig. 37c from 0 = 44° to & = 50°, as bounded by the
lighter-shaded clliptical area, and the steeply rising ridge toward & = 44° thus
accounts for the peak scen at ¢ = 45° with lower resolution. The results in Fig.
37b, by contrast, represent an average over only the darker-shaded area in Fig.
37¢, and so retain 2 minimum at ¢ = 45",
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Figure 38 shows two high-re olution polar scans from the same study of Ni
(001). The unit cell of the metal and various near-neighbor scatterers along
low-index directions is also indicated to permit judging how well various strong
features correlate with them (cf. aiso Fig. 22a). These polar scans also show
considerable extra fine structure, for example, as compared to the same sort of
[100] polar scan for higher-energy Auger emission from bulk Cu (001) shown in
Fig. 22b. These high-resolution data are found to exhibit peaks for emission along
some, but not all, of the near-neighbor directions shown. Peaks are found at
positions corresponding closely to the nearest neighbors (and fourth-nearest
neighbors) aloag [101], the second neighbors along [001], and the third neighbors
along [112]. However, minima and/or significant peak shifts are seen for the fifth
neighbors along [103] and the sixth neighbors along [111]. Neighbors even further
sway along [102} and [114] are also found to show significant shifts compared with
the observed peaks. In particuiar, the [111] direction corresponds to a local
minimum (indicated as point ), with enhanced intensity on either side of the
minimum; a ¢ scan through [111] at @ = 35° shows the same sort of profile. As
noted previonsly in the discussion of Fig. 22, this is due to the influence of higher
orders of interference”™ and perhaps multiple scattering effects.” Thus, we
conclude that the first 3-4 spheres of neighbors in any lattice will probably
produce strong and simply interpretable forward scattering peaks. Beyond these
spheres, more-~complex origins will require modellirig at least at the SSC-PW
level for interpretation. :

Three-dimensional datz of the type shown in Fig. 37c have also been
obtained at jower angular resolution by Baird, Fadley and Wagner for XPD from
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Au (001)® and by Li and Tonner for high-energy AED from Cu (001).” These

two data sets span a high fraction of the 2x solid angle above these two surfaces,

mdtheyahibitverysimﬂarintemityoontoun,uexpeﬁed:imeﬂwybmh
mpmnthighcnawunisﬁonﬁomthemfocaynﬂm.mm
recent data of Li and Tonner serves as a more accurate reference for the overall
features of such fec XPD/AED patterns at lower angular resolution. These
studiesahoayeeuﬁth_thepmedingpuagnphandthedﬁuuﬁonoim
4.3.2 in seeing simple correlations of peaks with near-neighbor forward-scattering
directions out onlytothefounhﬂleﬂ.ﬁthdimﬁonsmchu[ln]. {114], [102),
and [103] showing more complex behavior.

The Ni data discussed here and the other high-resolution results discussed
previously thus make it clear that, at least in higher-cnergy XPD and AED, using
moluﬁonsthltmmuchwonethan:tl.O'willbluroutsomfﬂturesmdlud
wamammm.mmmmwnﬂym:ﬂm«
superpositions of several scattering even , since the relevant scattering factor by
itself exhibits nothing narrower than the forward scattering peak of some 20-25°
FWHM.Thesefummsalsomdtoimblvemnmfuubernmﬁom:he
emitter and thus to be associated with the degree of short-range order around the
emitter. (This is nicely iilustrated by the NiO/Ni (001) results of Fig. 14.) Thus,

there is little doubt that XPD or AED with high resolution will contain more fine _

details of the structure under study.

At lower energics, by contrast, one expects generally wider features due 0
the broader, more diffuse scattering factors involved (cf. Fig. 2) and the larger te
Broglie wavelengths that spread out different orders of interference (cf. the
curves in Figs. 4 and 5). However, even for such energies, it is possible for
mperposiﬁomdfmnl&plecventstopmdlmnthermm.mdhigh
resolution might also be a benefit in this case. )

The most obvious dissdvantage of working at high angular resolution is the
longer data-acquisition times, which may be 10-30 times those of typical
jow-resolution operation. A second disadvantage is that it is likely that the
effects of multiple scattering will tend to be averaged out somewhat in
lower-resolution data because of cancellations of phases in the many events
involved.? Conversely, in high-resolution data, such MS effects may be more
important, even though the information content is inherently greater.

A further aspect of the relationship of such high-resolution data to more
complex interference; effects and more distant neighbors;is the influence of
Bngg—ﬁkediﬂncﬁoneﬁeasfromphminmulﬁhyamwm.lnthe
ptuen&ofthesmnginelasﬁcdampingd:uadeﬁsﬁcofbothmandm.m
Bngg-likemnnleldtowhathnbeenmmedaxikmlﬁ—bmdmodelofthue

23£MAMIN Alhough a fully quantitative Kikuchi-band theory of
highermgyPDorAEDbueduponthempapoﬁﬂmotmmanu-hke
mneredmesishcking,:implemodelalcnlaﬂomhm.beenarﬂedomz
Baird et al.,'® by Goldberg ef al.,’® and more recently also by Trehan ef al.,
and they are found to semiguantitatively thereaﬂuofx_?l)memre-
mentsonbothAu(OOl)deJ(OOl).Inporﬁculu.themperpoﬁnonofaevenl
Kikuchi bands along low-index directions yields the forward-scattering peaks seen
in both experiment and SSC calculations.
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More interestingly, there are features in experimental data at high angular
resolution that appear to be associated with specific Bragg events from low-index
planes (such as features 4 and f in Fig. 37b here and as discussed in connection
with Fig. 31 of Ref. 9). This suggestion has been given more quantitative support
in & recent high-resolution study of Ni (001) by Osterwalder et al.*** Furthermore,
calculations with the SSC model exhibit these same Bragg-like features if the
cluster size i permitted to be large enough and/or the inclastic damping is
sufficiently reduced, ™4™ thus verifying that a cluster-based theory can be used
for problems varying from short-range order to long-range order.

This formal equivaience of the SSC model and the Kikuchi-band picture for
describing bulk-like multilayer emission was first pointed out some time
ago,™*1® but sdditional clarification seems appropriate in view of misleading
statements concerning the role of the Kikuchi model in the interpretation of XPD
and AED that have nonetheless appeared in the more recent literature." From
an experimental point of view, the essentislly identical intensity profiles for LMM
Auger electron diffraction and backscattered reep “Kikuchi patterns” from
Ni(001) at 850 eV observed by Hilferink er al.™ provide a particularly clear
verification of this equivalence. From a theoreticzl point of view, the relationship
of the two approaches, if both are carried to comparable quantitative accuracy, is
analogous to the equivalence!of the so-called short-range-order and long-range-
order theories of ExAs, as discussed elsewhere. 3! It is clear, however, that the
SSC and MSC approaches are of greater generality in that they can be applicd 10
both surface- and bulk- emission and to problems of differing degrees of order.
The Kikuchi-band picture is, by contrast, formulated on a basis of inelastically
attenuated Bloch states that reflect long-range translational order. Thus, the
cluster-based theories are inherently more rapidly convergent and are more
appropriste ways to look at near-surface diffraction from adsorbates and thin
overlayers, as noted previously. ™™ But it is absolutely incorrect to say that the
ability of the cluster approach to explain forward-scattering features makes the
Kikuchi-band model invalid for describing substrate emission.!

In summary, the use of high angular resolutions on the order of +1.0" should
permit even more precise structural conclusions to be derivable from both
photoelectron diffraction and Auger electron diffraction, especially at energies of
>500 eV. Such data should contain information on neighbors further away from
the emitter, including features related to Bragg-like scattering events. It is also
clear that the use of resolutions of £3.0° or worse may conceal a great deal of fine

structure inherent in the experimental curves.

5.2 Spin-Polarized Photosisctron and Auger Electron Diffraction

Beyond increasing both the energy resolution and the angular resolution in
PD and AED as means of deriving more detailed structural information, we can
also ask what is to be grined if the last property of the electron, its spin, is also
somehow resolved in the experiment. This prospect has so far been considered
quantitatively and observed experimentally only in the case of photoelectron
diffraction, but we return at the end of this section to comment on how it might
also be possible in Auger electron diffraction. .
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In the first attempts at what has been termed spin-polarized photoelectron
diffraction (SPFD), the fundamental idea has been to use core-level multiplet
splittings to produce internally referenced spin-polarized sources of photo-
electrons that can subsequently scatter from arrays of ordered magnetic moments
in magnetic materials. Figure 39a iltustrates how such a splitting can give rise 10
spin-polarized photoelectrons for 3s emission from high-spin Ma’*, The splitting
is intra-atomic in origin and arises from the simple LS terms of 35 and 7S in the
final ionic state of Mn** with a 3s hole.’™ The net effect is to cause the peaks in
the doublet to be very highly spin-polarized, with S predicted to be 100%
spin-up and 'S to be 71% spin-down relative to the net 3d spin of the emitting
atom. > The relatively large exchange interaction between the highly overlap-
-ping 3s and 3d electrons is responsible for the casily resolvable splitting of 6.7 eV
between the 35 and S final states of the photoemission process.

The basic experiment in SPPD thus involves looking for spin-dependent
scattering effects that make two such pesks behave slightly differently in the
presence of a magnetically ordered set of scatterers. Such cffects were first
discussed theoretically by Sinkovic and Fadley,’** and they have several special

: g 135,136
properties:’

= There it no need for any kind of external spin detector beyond an electron
spectrometer capable of resclving the two peaks in energy.
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* The fact that the photoelectron spins are referenced to that of the emitting
atom or ion means that SPPD should be capable of sensing magnetically ordered
scatterers even when the specimen has no net magnetization. Thus, studies of
both ferromagnetic and antiferromagnetic materials should be possible, and
meaningful measurements should also be feasible above the relevant macroscopic
transition temperatures (Curie or Neel temperatures, respectively). For the latter
casc, the photoelectrons in each peak would be unpolarized with respect to any
external axis of measurement but still polarized relative to the emitting atom.

* The photoelectron emission process is also very fast, with a time scale of
only about 10~ to 107" seconds; thus, such measurements should provide an
instantancous picture of the spin configuration around each emitter, with no
averaging due to spin-flip processes, which are much slower at roughly 10~
seconds. ]

* Finally, the previously discussed strong sensitivity of any form of photo-
clectron diffraction to the first few spheres of neighboring atoms means that
SPPD should be a probe of short-range magnetic order (SRMO) in the first _
10-20A around a given emitter. Thus, provided that a sufficiently well-
characterized and resolved multiplet exists for a given material, this technique has
considerable potential as a rather unique probe of SRMO for a broad variety of
materials and temperatures. :

Before discussing the first observations of such spin-dependent scattering and
diffraction effects, it is appropriate to ask to what degree final-state effects such as
core-hole screening may alter or obscure these multiplets. We note first that the
cases of principal interest in SPPD are outer core holes, which are more diffuse
spatially than inner core holes and for which the interaction with the surrounding
valence electrons is thus not as strongly polarizing as for inner core holes (which
can often be very well described in the equivalent-core approximation). Nonethe-
less, it has been suggested by Veal and Paulikas'®” that both screened and
unscreened multiplets corresponding to 34°*' and 34" configurations, respec-
tively, are preseat in the 35 spectra of even highly ionic compounds such as MaF,.

As such effects would make the carrying out of SPPD measurements more
difficult (although still certainly not impossible) due to the potential overlap of
peaks of different spin polarization, Hermsmeier er al.™*® have explored this
problem in a study of Mn 3s and 3p multiplets for which the experimental spectra
from several reasonably ionic solid compounds have beer directly compared to
the analogous spectra from gaseous Mn, 2 simple free-atom system in which no
extra-atomic screening can occur. In Fig. 40, we show their compilation of s
spectra for the diluted magnetic semiconductor Cdg yMn, ;Te (a), single-crystal
MO with (001) orieatation (b), polycrystalline MnF; as obtained some time ago
by Kowakzyk er al'® (c), gaseous atomic Mn (d), and a free-ion theoretical
calculation of these multiplets by Bagus e al. including configuration interaction,
but totally neglecting extra-atomic screening (¢).** From a consideration of the
experimental data only, it is striking that for both 3s multiplets and 3p muttiplets
(not shown here, but discussed in Ref. 138) the solid-state spectra are very similar
to the gas-phase spectra, with the only differences being some extra broadening in
the solid state and some small changes in peak positions that are not at all
surprising. Thus, even without resorting to theory, it seems clear that these
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spectra are very frec-atom-free-ion like, and that a simple multiplet inter-
pretation such as that in Fig: 3% should rather accurately describe the spin
polarizations of the photoelectrons involved.

If we consider now the best available free-ion theoretical prediction for the
&tpema,mbwndnionbmmnmmviming.!nﬁg.m.the
results of & calculation by Bagus, Freeman, and Sasaki**® for Mn** with a 3s hole
mdﬁnﬁtedwnﬁgunﬁoninmcﬁon(ﬂ)mshm.mhemumtw
mentwithupeﬁmeﬁnotonlyforthemdominmtmmbenoﬁhemulu?lﬂ
that would be most useful in SPPD, butalsofonhemmuchweakﬂuwl_hm
that directly resuit from including CI. Similaroondmiommrgchedml
oompaﬁsonofexpahnent-ndtheoryformlomym. We thus
condudethmm-ammicsaeeningdosnotamamjorpumbmnoﬂhue
multiplet splittings and thus also that outer core holes such u3.und3p.shou!d
" exhibit relatively free-atom—free-ion like multiplets for a variety of high-spin

systems. Suchmultipletsintumshouldbeusefulasspin—luolvedmm
SPPD. i
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Direct experimental evidence of spin polarization in core spectra also exists.
A recent measurement with an external spin detector of the spin polarization over
the 3p peak from ferromagnetic Fe by Kisker and Carbone'*' yields significant
spin-up polarization at lower kinetic energy and spin-down polarization at higher
kinetic energy that are in the same sense as those expected for a simple 3p
multiplet.'” These results thus suggest that SPPD should be possible with
ferromagnetic metals as well, particularly on the simpler and more widely spiit 3s
peaks.

Retumning now to a consideration of the SPPD experiments carried out to
date, we have shown in Fig. 39b the crystal structure of the first material for
which such effects were observed: a (110)-oriented sample of the simple
sntiferromagnet KMoF,. It is clear from this that the relative spins of the emitter
and the first scatterer encountered can be different for different directions of
emission, as for example, between [100] and [101]. Spin-dependent scattering
effects were first observed for this system by Sinkovic, Hermsmeier, and Fadley'
as small changes of up to about 15% in the ratios of the 35(1) (spin-up) and ’§
(spin-down) peaks in the domirant doublet shown in Fig. 39a. For this study, a
Jower energy of excitation of 192.6eV (Mo M{ radiation) was used in order to
yield lower-energy photoclectrons at approximately 100 eV, which are expected
to exhibit significant spin-dependent effects ‘in scattering.'*** This requirement of
low kinetic energies thus makes SPPD inherently well suited to synchrotron
radiation with its tunable energy.

‘The 3S(1):’S = I(1)/I(}) intensity ratio was found to be sensitive to both
divection of emission (as qualitatively expected from Fig. 39a) and temperature.
Its variation with temperature is furthermore found to exhibit a surprisingly sharp
transition at a point considerably above the Neel temperature (7y), as shown in
Fig. 41a. Here, we plot 2 normalized intensity ratio or “spin asymmetry” Seu,
that is measured relative to the vatue of I(1)/4(]) at a limiting high-temperature
(HT) paramagnetic limit. This asymmetry is defined in the inset of Fig. 41a; it
goes to zero at high temperature.

The abrupt high-temperature change observed in S, has been suggested to
be due to the final destruction of the short-range magnetic order that is expected
to dominate in producing such spin-polarized photoclectron diffraction effects.
Note also that the short-range-order transition temperature Tgp at which this
occurs is approximately 2.77,,.

In an important confirmation and extension of this earlier work, very similar
SPPD effects have also more recently been observed by Hermsmeier et al. for
(100)-oriented MnO,' and two of their curves for the temperature dependence
of the spin asymmetry are shown in Fig. 41b. As for KMnF,, there is a relatively
sharp change in the °5(1):7S ratio at a temperature that is again well above the
fong-range-order transition temperature at Tgp = 4.5T).. For both KMnF, and
MnO, it is also interesting that the form of the short-range order transition is very
scasitive to emission direction, being steepest for the nearest-neighbor scattering
direction in Fig. 41a and changing sign with only a 15* shift of emission direction
in Fig. 41b. This sensitivity to direction is qualitatively consistent with single-
scattering calculations of the spin-dependent exchange-scattering processes that
may be involved, 1014
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Although we have discussed only 3s emission thus far, the more complex 3p
multiplets also should be spin polarized.!® > And in fact, a very similar
transition has also been seen for MnO in the more widely split *P(1):7P =
I(1)/1(}) doublet at the same temperature Tip,'? as shown in Fig. 4Ic. The fact
dntthenmesortoftramitionisseenfortheoetwopeaksinspiteofthefactthat
they are different from 5(1):7S in both energy separation and mean kinetic
energy provides strong support for the conclusion that this is a new type of

It is also interesting that the T;, values are, for both cases, approximately
equal to the Curie-Weiss temperatures of the two materials, a connection which
may be associated with the fact that this constant is proportional in mean-field
theory to the sum of the short-range magnetic interactions. '

Aﬁn:lobouuﬁonconcetningthisdauisthatﬂneresuhsforMnOiangs.
41b and ¢ show a possible indication of sensitivity to the long-range-order
transition at Ty, as both curves possess u weak. peak at T, which is just outside
of the estimated-error bar of the ratio measurement. If this is true, it is perhaps
not su:Apmng in view of the longer-range sensitivity of PD to acighbors that may
be 20 A from the emitter, as discussed in connection with both Figs. 16 and 20b.

A number of questions are thus raised by these results concerning the nature
of short-range order above the long-range-order transition temperature and the
way in which such effects can be incorporated in a spin-polarized varant of
photoelectron diffraction theory. Although a quantitative theory of all aspects of
the short-range-order transition and its inclusion in a spin-dependent modeling of
the diffraction process does not yet exist, results in qualitative or semiquantitative
agreement with experiment have been obtained in a few previous
mdi“_m.uua.l«

The observation that Auger spectra from ferromagnetic materials exhibit
strong spin polarization from one part of the manifold of features to another by
Landolt and co-workers'* also suggests that spin-polarized Auger electron
diffraction (srAeD) should be possible. The more complex nature of Auger spectra
in general will make the a priori prediction of the type of spin polarization more
difficult, bat for forromagnets with net magnetization, an external spin detector
could be used to first calibrate the spectrum for polarization.’ Then, measure-
ments of spin-up—spin-down ratios as functions of direction and/or temperature
could be taken in the same way as for the spin-split core multiplets in SPPD.
Even in antiferromagnetic systems with equal numbers of up and down 3d
moments 30 that external calibration is impossible, any transition involving the
polarized 3d valence electrons might be expected to show a net polarization that
would again be interaally referenced to the emitter.

A final aspect of such spin-polarized studies is to make use of left or right
circularly polarized radiation, in conjunction with spin—orbit interaction in the
energy levels involved, to preferentially excite one or the other spin polarization,
as discussed recently by both Schuetz and co-workers*” and Schoenhense and
co-workers.'® The use of such radiation already has produced very interesting
spin-polarized NEXAPS and EXAPs structure from ferromagnets and ferrimagnets'"’
and circular dichroism angular distributions ({CDAD) from nonmagnetic surfaces
and adsorbates.'® In CDAD for light efements with negligible spin—orbit effects,
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no net spin polarization of the photoelectron fux is involved, but such
measurements provide the interesting possibility of measuring the contributions
of individual m, components to photoemission and photoelectron diffraction.
The CDAD studies require lifting the degeneracy of the m, sublevels, and 30
have been carried out on valence levels; however, with very high energy
resolution, it might be possible to do similar measurements on outer core levels
with, for example, small crystal-field and/or spin—orbit splmmp present.

With the availability of higher-intensity sources of circularly polarized
radiation from next-generation insertion devices, it should be possible to greatly
expmdbothofthesel:indsofsmdyloastolookinmoredmihtboththemglc
and the emergy dependence of the photoelectron intensities. For example,
spin-polarized EXAFs requires measuring very accurately the differences in
absorption for right and left polarizations, because the overall dm may be as
small as a few times 10~ in K-shell absorption.'” However, studying L,- and L,
absorption for heavier clements with Z # 60 leads to considerably larger effects
that can be on the order of 1071072, Extending this to do SFFD would thus
imply measuring similarly accurate ratios or differences of photoelectron inten-
sities. In this case, the magnitudes of the photoelectron spin polarizations are
only on the order of 1% for K-shell emission, but for heavier ellzmenu, they can
be up to 40-50% in L, emission and 20-25% in L, emission.™ The latter two
cases are thus about -4 as highly polarized sources as a high-spin multiplet such
as that in Fig. 3%a. One advantage of such an approach would be to expand such
studies to cases for which a suitable high-spin multiplet is not available. A
disadvmagcisthatmmemﬂax‘uofpohﬁuﬁonisimolved.wﬂ:ﬂonlyfenu—
or ferrimagnetic specimens could be studied. However, in CDAD experiments,
this last restriction is not present.™*

SPPDisthusaverynewmaofphomeIecu'ondi!fncﬁon,bu.tithu
considerable potential for providing information on the :hort-nngc l?m.o:du'
and spin-spin cotrelation functions around a given type of emitter site in the
near-surface region of magnetic materials. Other antiferromagnetic and also
ferromagnetic materials are currently being studied in order to better mblish
the systematics of the short-range-order transition and the range of utility of this
method. Spin-polarized Auger clectron diffraction and other measurements
making use of circularly polarized radiation for excitation also should be possible.

5.3. Synchrotron Radiation—Based Experiments

Looking ahead to the much more intense and/or much brighter synchrotron
radiation sources in the VUV/soft X-ray region that are mmmdy either coming
intoopu:&morbeingeonoeivedasnen-genmﬁondembuedupm
undulators or wigglers, one can see much-expanded possibilities for all of the
types of photoelectron diffraction messurements discussed up to_ﬂlis.pomt.

Measurements with both high-energy resolution (to distinguish different
auhcehyersorchemialmtesushowninﬁgs.34:nd35.respecuvel_y).fnd
high angular resolution (to enhance fine structure and thus umctun.l Ienﬂﬂ:&)
should be possible. For some types of experiments (e.'g., with maximum $u
sensitivity and/or with spin-polarized diffraction in mind), lower photoelectron
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energies of approximately 50-100 eV may be necessary, but for much structural
work, energies of 1000 eV or even higher will be beneficial in yielding strongly
peaked forward scattering and more nearly single-scattering phenomena. Being
able to go to much higher photoelectron energies of up to 5000-10,000 eV may
also be of interest in yiclding even narrower forward-scattering peaks (as
considered from a theoretical viewpoint by Thompson and Fadley'*), more true
bulk sensitivity via the longer electron attcnustion lengths, and simpler theoreti-
cal interpretation. Being able to tunc encrgy is also cssential for the scanned-
energy Or ARPEFS experiments; it should be possible to carry these out much more
rapidly and over a broader encrgy range above threshold. The polarization vector
can also be oriented in either scanned-angle or scanmed-energy measurements so
as to enhance the contributions of various important scatterers (cf. Figs. 3a and
18). And we have already considered in the last section the possibility of using
circularly polarized radiation. Finally, photoelectron microscopy with resolutions
on the order of 500 A or less is currently being developed,'™ and the additional
dimension of using simultancous photoelectron diffraction to probe the local
atomic structire in such a small spot is quite exciting.

Auger electron diffraction may not benefit as much from synchrotron
radiation, because excitation can be achieved with either photons or electrons and
because the spectral form is'not dependent on the excitation utilized if the initial
bole is formed well above threshold. However, even for this case, synchrotron
radiation eould provide a more intense and less destructive excitation source
than, for example, an electron beam or a standard X-ray tube. Also, it would be
interesting to look at the diffraction process as the excitation energy is swept
through threshold, 30 as to yield a purer one-hole initial state.

5.4. Combinad Methods and Novel Data-Analysis Procedures: Photoelectron
Holography?

It is clear from the foregoing examples that both scanned-angle and
scanned-energy diffraction measurements can provide useful infor-
mation concerning sorface structures, but that scenned-angle measurements are
simpler in general to perform. Going to higher cnergies leads to easily
interpretable forward-scattering features for many systems, but at the same time
provides little information on the atoms that are below or behind the emitting
atom as viewed from the detection direction. Thus, there are clear advantages to
using lower energies as well, even if these lead to a potentially greater influence
of multiple scattering. In the scanned-energy arrers work discussed in sections
4.2.2 and 4.2.3, a major reason why interlayer spacings down into the bulk were
derivable is that these lower energies exhibit the strongest backscattering effects
and peovide the largest oscillations in the x(k) curves (cf. Fig. 20).

It is thus easy to suggest that the ideal photoelectron diffraction experiment
based upon present methodology would consist of carrying out both high-enecgy
measurcments at kinetic energics greater than approximately 500eV and low-
energy measurements at approximately 50-100eV. Being able to scan kv would
also be desirable, but not egsential. A typical structure could then be analyzed by
first making scanned-angle measurements at high energy and using the real-space

o
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forward-scattering effects to narrow down the range of possible
mmmmd ::fy, for example th: discussion of Figs. 29 and 30). Combinin.g
scanned-angle measurements at high and low energies then should permit
determining structures in detail, including atomic positions both below and above
the emitter in the sense mentioned zbove. Or mned-energy W"
could be performed as a second step as well, Ieadmgtotheuuhtyofr:‘oum,
transform methods for narrowing down the number of structures. Using an
dmonmommm:mdmwummlymﬂmmmmw.
range of emission directions™>* would also clearly speed up such studies, with
the only likely drawback being that angular resoh_mon is often lower in such
systems, particularly when working at higher energies. Igulloft.he.oe methods,
the final precise structural determination would require comparison of ex-
peﬁmemﬂdiﬂncﬁonmorx!uncﬁonsmmulmhtedmf?r;mr
of geometries, with the most quantitative method of comparison bangmapn?e
sort of R factor.** This is thus exactly the same methodology employed in
m,mmthphowdmondim:ﬁon.annﬂemwmd
akeadyprovidcuseﬁﬂinfomaﬁonformanymmdthmua@dmgnﬂmdﬂy
available structursl information concerning the type of local bonding site that can
ist i ing out structures. ]
mﬁ:sn:“ﬁh::l new direction in the analysis of scanned-angle c!at.a, we consnder
the recent interesting proposal by Barton,!*! based on an earlier suggestion by
Szoeke,'™ that it should be possible to directly determine atomic positions via
photoelectron holography. According to this idea, t!fe pbotoelectron leaving the
enﬁmrismtedinﬂntppmuimﬁonuasph?nuloutgomgwe_thn,y
virtue of the scattering and diffraction from its nea;hb?rs,produouanmmm_y
modulation outside of the surface that can be.oonndeted'a hologram. This
hologram is then simply the intensity distribution of a ?vw_peak over a
two-dimensional range in &, ¢ {or, equivalently.soqxemdmmﬂnnpm
k,. k,). This intensity distribution can then be _descnbedbyaforfnul‘a of exactly
the same type as Eq. (10), but with some important genenh_nnons. These
generalizations are that the scattering amplitude || and phu.eshxft ¥, together
with the factors for the excitation matrix element and attcnuation due to spherical
wave, inelastic, and vibrational effects, mustberephcedbymuv?nﬂmﬁ
mpﬁmdelﬁimdphmv,foreachmt}ererth}momaﬂmgb—
mdﬁplwaneﬁngevwswhidltexminﬁfmamjlfthelfﬂmte_mwon.
the detector. It can then be shown™ that inverting dns mmddouble
hologammnbemtiallytoprodueearealm_ageuequwalmw.n ible
anietintegnlink,andk,,inwhichthedure_dzghneofthemage.u
variable paremeter within the integral. Thu.s.two.dmmoul X—y cross sections
at different z positions are in principle possible mththismethod , i
Bmonhuaniedoutathwmﬁulumuhumofthummethodm:l:
MSC-SW intensity distributions in &, ¢forthec(2x2)SIN§(0q1)synm&:k
kineﬁcenergyofmedewithlwidthofm.guhrmmboth hav;
and k, directions of +40°. The inversion of this holognm a'ﬁound w‘thm
maxin;l that can be directly related to different neu-nexshbor_N: atmmk mmx
estimated resolution in x and y of 0.5 A and in z of a much higher 2.3 A. he X
and y resoltions are ultimately limited by the Rayleigh criterion for a.

PHOTOELECTRON DIFFRACTION AND AUGER ELECTRON DIFFRACTION 505

(hologram) of a given opening angle. For the maximum reasonable detection-
angle ranges in a spectrometer of +40° to +60°, this in turn yields resolution
limits Ax and Ay that are very close to the de Broglie wavelength of the electron
(i.c.,0.52 A at 548 ¢V). This is a likely reason why a rather high kinetic energy in
the typical XPS range was used for this simulation.

As noted by Barton, some limitations snd/or problems that need to be
addressed in the further development of this technique are the relatively low
position-resolution obtainable, particularly in z; the presence of twin images at
+2 for each atom (a universal effect in holography), which could cause serious
overlap probiems for bonding geometries involving atoms that are below-plane;
the fact that multiple scattering effects on the F; may cause deviations of the
image positions from the actual sites, thus requiring an iterative correction via
theoretical calculations of these generalized scattering amplitudes for an assumed
geometry; the fact that several images at different energies, or even an additional
Fourier transform of energy-dependent data at each 6, ¢, may be necessary to
effect this correction; and the added experimental difficulty in requiting some sort
of high-speed multichannel electron analyzer that can obtain such large data sets
in a reasonable amount of time.>

Another limitation not mentioned in connection with this  theoretical
simulation is that the high energy used implies relatively’ weak backscattering
effects of only 15% or so compared to forward scattering (cf. Fig. 2); thus, the
actual degree of modulation in intensity observed may be quite small, making the
measurements rather difficult. Going to higher energies to improve resolution via
shorter de Broglie wavelengths will make this problem worse due to even weaker
backscattering. Thus, for an adsorbate or surfsce atom that has not significantly
peaetrated a surface, there will always be a tradeoff between resolution and ease
of measurement in photoelectron holography. Of course, if the emitter is found
below the surface, then strong forward scattering of the type discussed previously
here can take place, and the resulting hologram should then show larger intensity
modulations; bowever, forward scattering effects by themselves contain bond
direction information, but not bond tength information, so that the weaker
modulations due to higher-order features would still need to be accurately

measured in order for the inversion of the hologram to yield the full structure.

As a potentially more convenient experimental alternative for holography, a
suitable Auger peak invoiving three filled levels might be useful as a source of a
more nearly spherical wave as assumed in the image reconstruction, although the
poorly understood mixing in of other / components could complicate a precise
theoretical analysis of the effective amplitudes IE| and phases y,. Also, using
Aunger peaks that are too broad in energy would reduce the degree of
monochromaticity (i.e., coherence) required in the source 2*

No matter how these problems are dealt with, even low-resolution three-
dimensional images from such holography could be useful in ruling out certain
bonding geometries in a semiquantitative way, much as Fourier transforms in
ARPEFS can be useful through the approximate path-length differences they
provide. It will be interesting to see what the first inversion of an experimental
photoclectron hologram brings. (Please see the added note on holographic
methods at the end of this chapter.)
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6. COMPARISONS TO OTHER TECHNIQUES AND CONCLUDING
REMARKS

We begin this concluding section by comparing photoelectron and Auger
electron diffraction to several other current probes of surface structure in order to
assess their relative strengths and weaknesses. As a first overall comment, it is
clear from any perusal of the current literature (e.g., Ref. 1) that no one
surtace-smmturepmbedirealymdummbigumulypmﬁdﬂaﬂofthedeﬁred
information on atomic identities, relative numbers, chemical states, positions,
bonddisnnoesandbonddheaiomintheﬁmS—Shymofthewm.mvuy
mﬂnumberofsmfmmuuuruforwhicbthmisa;enen!mminspiu
ofsevenldeuduofureﬁnmdyofsomeofthemtesﬁﬁcstotheneedforuﬁn;
complementary information from several methods.

Topwﬁdemeideaofthkmmplmeunﬁtyoi‘ppmchu,wesh?win
Tablelmerﬂtechniquesmmdmrdingtoanumberoid:naaemﬁm
photoelectron difiraction (PD) in both scanned-angle and mnned-energ? forms,
Auger electron diffraction (AED), surfacc extended X-ray absorption fine
structure (SEXAFS),'® near-edge X-ray absorption fine structure _N!?CAF!,”"”""
low-energy electron diffraction (L2ED),*! surfacc-sensitive grazing incidence X-ray
scattering (GIXS),” scanning tunneling microscopy (STM),'* a!ll,C‘l Rutherford
backscattering (RBS) or medium-cnergy jon scattering (MEIS).™ This is not
intended to be a complete list of modern structure probes, but it roughly
represeats the group most used at present.

These techniques are rated, first, according to whether they directly provide
information on atomic identity (a positive feature of all techniques except for
LeEp, GIXS, and STM) andchunimlmte(ponibleonlywithPD,Am).md
NEXAPS). AwmidenﬁﬁuﬁonispodbleinGD(Sonlyifmeismndeofmﬂous
dispenimnearaoenainabaorptionedge. State-specific information is not
derivable in typical SEXaFs measurements because of the overiap of different

informﬁonunbeobtmnedinannightfomrdmm.mcoum.onoea
muurehasbeendetenninedmdopﬁmizedtoﬁtthedﬁaofmyonepftbm
methods, it has implicit in it bond directions, bond distances, site symmetries, and

diredneswithwhichthmunbemmedﬁomthemdauwithami:ﬁmum
ofdaﬂmﬂyﬁs.ﬁetypesofinﬁomﬁonoonidetedmumwm
orexduﬁons(direalym'bleonlyinmwdm,bonddirecdons
(parﬁmhﬂyeasytodetumineinhigh-energyPDIAEDwithrorwud
scattering—as discussed in oompaﬁsontoo!hertechniqwinsecﬁon4.}.4—-und
RBSIMEISwithshadoMngudbbcking).bondd‘ntam(verydh?umm
Fomierunnsfoms),balbonding-dtemnmeniﬁ(uﬁmwdemwitym.
AED, sexars, and RBS/MEIS), and coordination numbers (d?nvable directly
fromhigh-energyPDmdAEDmdlwdirealyﬁommemphmduofm
mmﬁom).smmm&tealymemm;mmdmm_pmwde
mdiuﬁonnumben,butitkﬁmitedtobokinguonlytbe?memqnwrfwe
densityofmtes.mdsodounotpmbemebondinzbebwthnlevelmam
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way. Distinguishing between structures that are related to atomic positions and
protrusions in the density of states can also be a problem in STM. It has been

that NEXAFs resonance energies can be used to measure boad
distances,'® but this approach may be limited to well-calibrated series of
homologous molecules, and has been called into question,'*

The estimated accuracies of finally determining atomic positions with the
current state of these techniques is also indicated. Numbers smaller or larger than
these will be found for some cases in the literature, but it is the author’s opinion
that the numbers in the table are a better representation of the true absolute
accuracies if all of the various uncertainties in both experimental parameters and
the modelling or treatment of the data are taken into account. Surface X-ray
diffraction is the most accurate, but its principal sensitivity is to horizontal
positions, with vertical positions being derivable only via the more difficult
method of measuring rod profiles normai to the surface. PD in any of its forms
aad AED should be inherently as accurate as SEXAFS, if not more so, particularly
if the latter has been analyzed only with transform and back-transform methods
without any final theoretical modeling. PD should also ultimately be as accurate
as Leep,™ particularly for a given amount of ioput to the theoretical analysis.

" The degree to which these techniques probe short-range order in the first
110-20 A around a given site versus longer-cange order over 100 A or more is aiso
considered. Except for LEED and X-ray diffraction, all of the techniques are
primarily sensitive to short-range order, although we have also pointed ot that
PD and AED actually have sensitivity extending over a region of diameter as
large a3 40 A. Although inherently larger-scale probes, LEED and X-ray diffraction
can with spot profile analysis be used to study the breakdown of long-range order
in such phenomena as surface phase transitions.

Next.nvcrllchnnaerisﬁsmhﬁngtotheeaseofobuiningdata and
analyzing it theoretically are indicated: the overall percentage change in intensity
as one measure of the ease of determining the signal (which is particularly large

for PD, AED, and LEeD); the possibility of using & simple, usually kinematical, -

theory to analyze the results; and the feasibility of using Fourier transform
methods to more directly derive structural parameters. The overall figures for
pumgceﬁaashouldbemdureﬁmh however, since the inclastic
background under some photoelectron and Auger spectra can be high, thus
making even a 50% modulation of the peak intensity difficalt to measure. By
contrast, for some applications of SEXArs, background effects can be much
reduced by using X-ray fluorescence detection,'” although surface specificity is
then lost. Problematic effects can also arise in SEXAPs scans such as

imterferences if either type of peak is being used to monitor
the absorption and sharp spikes or glitches of intensity due to Bragg reflection of
X-rays from very well-ordered crystals such as semiconductors. Auger-photo-
electron intesferences can also make the use of scanned-energy photoclectron
diffraction more difficult if there are any Auger peaks from the sample that lie in
the kinetic-energy range from about 100eV to 400 eV. Standard Auger tabula-
tions show that this could yield difficult background subtraction problems for the
atomic number ranges 4-7, 14-22, and 37 upward. As examples of this, sulfur at
16 involves such an interference, as noted previously in sections 4.2.2 and 4.2.3,

EE]
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and the Ag/Si system considered in section 4.4.2 was found in & recent
scanned-energy experiment™“to exbibit extensive interferences over the fuil
90-350eVnngeduetothevarimpenksinboththeSiKLLmdtheAgMNN

As a last and important criterion for the present volume, we indicate whether
2 given technique requires synchrotron radiation, as about half of them do.

The ideal structural probe would have “yes™ for all of the nonquantitative
chmaeﬁsﬁuinthisubleexcepttbehstm,whichformofbm
utility would be “no.” It is clear that each method has positive features, but none
constitutes this ideal probe. Thus, complementary information from several
methods is in general desirable for tully resolving any structure. FD and AED are
positive on sufficient points to be attractive additions to this list. AED is easier 10
excite (e.g., with photons or clectrons), but the more complex nature of Auger
spectra will prevent doing state-specific diffraction mecasurements for many cascs,
and an accurate theory, especially for lower energies, will be more difficult. Not
being able to use radiation polarization to selectively excite towards a given
scatterer is also a disadvantage of AED. As one disadvantage of scanned-angle
PD and AED, we note the present lack of being able to use Fourier transform
methods to determine structure directly (although photoelectron holography is a
proposal to do this); thus it may be necessary to carty out a number of
calculations for various structures, a procedure analogous to that used in LEED.
However, some aspects of the data (e.g., forward scattering peaks at high energy)
provide structural information very directly, and a good deal of any analysis
should be possible within the framework of a simple single scattering picture.
Andinanyme.theﬁnaltmdanymralmodeldeﬁvedinPD,AED.or
smcusshouldbetocompneexpezimentmadiﬁncﬁonubuhﬁononadw
of atoms of sufficient size to adequately include all significant scatterers.

Thus, although photoelectron diffraction and its close relative Auger electron
diffraction are relstively new additions to the array of tools for studying surface
mm,theyhauake&dypmmwbemﬁdforabmadnﬁetyofsynm.
Even at the present stage of development of both techniques with, for example,
standard X-ray tubes or electron guns as excitation sources, and theory at the
single-scattering-cluster—spherical-wave fevel, structurally useful and unique in-
formation can be derived for a range of problems including adsorption, molecular
orientation, oxidation, epitaxial growth, metal-semiconductor interface forma-
tion, cluster growth, surface phase transitions, and short-range magnetic order.
“Fhe use of higher angular resoluﬁompmmiautopwvidemrepwchemﬂ
information, particularly concerning longer-range order. The wider availability of
synchrotron radiation, especially from the next generation of high-brightness
inserﬁondeﬁoes,wiﬂenomomlyinumethespeedofbothmmedﬂslea_nd
scanned-energy measurements, thus permitting more studies of surface dynunu:
Thcaecunte—intens‘tynﬁommenunlowlduﬁcenergqummdm
spin-polarized photoelectron diffraction will also become easier. Some degree of
Iateral-resolution photoelectron mi -plus-diffraction should also become
possible. And with focused electron beams, Auger electron microscopy-plus-
diffraction is also feasible. Also, high-brightness radiation sources should permit
increased energy resolutions of the order of 0.3 &V even st the higher photon
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energies of 1.0-2.0keV that are optimum for taking advantage of forward
scattering and a single-scattering approach. Separate diffraction patterns will be
obtainable for the various pesks in a given spectral region that are produced by
chemical shifts, multiplet splittings, or more complex final-state effects. Using
both linearly and circularly polarized radiation will also permit the selection of
specific scatterers and spin-polarized final states, respectively. State-specific
structural parameters should thus be derivable in a way that is not possible with
other methods.

NOTE ON HOLOGRAPHIC METHODS

Since the original writing of this review, the use of holographically motivated
Fourier-transform inversion methods for deriving surface structural information
from both photoelectron- and Auger clectron-diffraction data (cf. discussion in
section 5.4) has advanced considerably. Some of these developments are

The first experiments! data have successfully been inverted to yield direct
images of atomic positions near Cu surfaces by Tonner er al.'*® More recently, the
same types of images have been observed for the semiconductors'Si and Ge by
Herman et al.'* and for the simple adsorbate system c(2 x 2) §/Ni (001) by Saiki
et al.'"™ In general, these images are accurate to within about +0.2-0.3 A in
planes parallel to the surface and more ot less perpendicular to strohg forward
scattering directions, but onty to within about £0.5-1.0 A in planes perpendicular
to the surface or containing forward scattering directions.

Methods have been proposed for eliminating the observed distortions in
atomic images due to both the anisotropic nature of the electron—atom scattering
and the phase shift associated with the scattering by Saldin ef oL, Tong ef al., "'
and Thevuthasan ef of.'® Preliminary tests of these methods are encouraging, but
mapplhﬁommexpuinm&ddaummededwmlhemfuﬂy. Further
imuedistotﬁonsduetomisompiuintheelmonemissionpmhave been
discassed, %! apnd corrections for these also appear to be useful. Additional
spurious features that may arise in images due to the strength of the electron—
atom scattering and resultant self-interference effects have been pointed out by
Thevuthasan ef af.™® By contrast, the multiple scattering defocusing illustrated in
Figs. 3b-ii and 6 has been shown t0 reduce the image distortions for the s i
case of buried emitters that are separated by several atoms from the detector.'®

Finally, Barton'®® has shown in theoretical simulations that the simultaneous
analysis of photoelectron holographic data obtained at several different photon
energies, involving in effect an additional Fourier sum on encrgy, should act to
pducetbe'mﬂmofbothtwinimag«mdmulﬁplemueﬁngon atomic

images.

Thus, the holographic analysis of both photoelectron and Auger electron
data is in an intense period of evaluation, with several indications already that it
may ultimately provide reasonably good starting-point structures which can then
be refined by the more classic trial-and-etror methods discussed previously in this
review, but in much reduced time. ‘
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