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ABSTRACT

The current status of photoelectron and Auger-electron diffraction is
reviewsd, with emphasis on new dirsctiocans of activity. The use of forward
scattering in the study of adsorbed moleculss, epitaxial overlayers, and
clesn surfaces is ons of the most developsd applications, and one that will
bascome more powarful as higher snergy resolution and parhaps spin apalysis
are used to resolve emitters on the basis of chemical state, position at a
surface, or magnetic state, The use of larger data sets spanning &
considerable fraction of the solid angle above a surface will also much
ephancs the structural information available, for sxapple, io the growth of
epitaxial layers or nanostructures on surfaces. Destailed fitting of
experimental data to theoretical calculations based upon either single
scattering or multiple scattering should also provide more rich structural
information, including such parameters as substrate interlayer relaxation.
Surface phase trapsitions in which nsar-surface layers become highly

disordered can slsc be studied, with results that are cosplemsntary to those



from such techniques as low snergy slectron diffraction and medium ensrgy
ion scattering. Short-range magnetic order also can be probed by somshow
resolving the spin of the outgoing alsctrons, ®.g. by using multiplet-split
core levels. Valence lavels alsoc are found to exhibit core-like diffraction
effects in cases for which thers is somehow rather complete integration over
the bands involved, e.g., through working at higher photon snergies, higher
temparatures and/or integratiang over energy in spactra. The possibility of
holograpbically analyzing largs-scale diffraction data sets so as to
directly yield three-dimensional atomic images is also promising for certain
types of problems, espescially adsorbates or thin overlaysrs. Although
several types of aberrations and artifacts arise with such helographic
images, a number of correction procedures appsar possibile, and tests of
these in model calculations and for a faw sets of experimental data are
encouraging. Although the application of this type of analysis to
multilayer substrate emission is still somswhat problematic in showing
atomic images that are ssverely slongatsd, this is not nacessarily true for
sdsorbate emission. A recent axperimental and theoretical study of an
adsorbate using a sslected data range yields promising results. Finally,
theoretical calculations indicate that it should alsb be possible to apply
the holographic methodology to tha direct imaging of short-range magnetic

order.

1. INTRODUCTION:

Photoslectron diffraction (PD) and its close relative Auger electron
diffraction (AED) have by now been daveloped as gquantitative surface
structure probes to the extent that an ever-increasing nuaber of groups is .
making use of them. Several comprabansive reviews have appeared [1-5], and ;
thess together present am up-to-date picture of tha field as of about 1-2 N
yYears ago. The aiw of this paper will thus bes to briefly introduce these @
techniques and what has already been learned about and with them, and then
to consider iun more detail several recent dsvelopments and possible future
directions, iacluding the relatively newly suggested bolographic analysis of
such diffraction data [6,7]. Stress will also be placed on pointing out
certain unique features of such msasurements as judged against the saveral
other surface structure techniques that are currently in use. A wore

sxtensive discussion of general experimental aspects and theoretical

background, as well as a more complets bibliography, appear in a detailed
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overview by the author that has very recently heen published [S}].

o

The basic measuremsat involved is very simple and is illustrated in
Fig. 1. In PD, a photoelactron is emitted from a cors leval and in AED, an
Auger electron is esmitted in a process involving at least ons core lavel.
Thus, the ensrgy of the cutgoing electron is unigue to a given atomic typs
(i.e., atomic number), or, with high encugh snergy resclution, alsc perhaps
to a given chemical or magnetic state of a given atomic type (as will be !
discussed in more detail balow). The intensity of this photoslectron or
Auger electron is then measured as a function of direction above a single-

crystal surface, or, for photoslectrons, alsao perhaps as & function of the
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photon energy used for excitation. The former we shall refer to as a
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"scanned-angle” measurement, and the latter as “scanned-ensrgy". The t
obgerved variations in intepsity with sither direction or energy are due to
scattering of the cutgoing “direct” wave ¢, from various atoms surrounding

the amitter; the interfersnce of this dirsct wave and various singly- and



multiply-scattersd waves ¢j then produces a diffraction pattern. This
diffraction pattsrn can then ba analyzed at severil levels so as to deduce
structural information concerning the near-neighbor atoms around a given

typs of amitter, as well as the atomic composition [1-9].

A number of prior studies bave lead to several general points that can

be made concerping such diffraction patterns:

-The variations in intensity can be very large, reaching 50-70% as
mesasured by the normalized anisotropy [Ig..imum = Iminimumllxmaximum -
AIfIyay 3]+ Thus, these diffraction patterns can be relatively easily
measured. They alsc cannot be neglected in any attempt to determwine surface
compositions or stoichiometries from single-crystal x-ray photoslactron

(IFS) intensities, as errors of more than a factor of 1 can yesult [8].

-Especially at higher kinetic ensrgiss of 1 keV or more, the
diffraction features can be as narrow as a few degrees in full width at half
maximum intensity (FWHM) [%]. Thus, measurements at higher angular
rasolutions of =+1.0° may be necessary to derive all of the structural
information possible, altbough many studies to dats have also baen

fruitfully carried out at lower resolutions of =+3.0-6.0".

~Tha direct wave ¢, in a photoelectron messursmeat is more easily
defined in & quantitative ssnse, as it is caused by a dipole excitation from
some initial angular momentum 1 to the two allowed and interfering final-
stats channels of l+l. The exact sixing of these 1lil components can be
calculated, providaed that the realevant radial matrix elements and phase
shifts are available [5,9{(a),%(c),9(d4),10]. By contrast, the coulomdb and
sxchange interactions responsible for Auger decay can lead to non-zero
contributions from various final-state channels, although in some cases, it
can be argued thst one channel may dominate [ll). As a limiting, but not
necessarily accurate, approximation for the direct wave in Auger emission,

it has sometimes also besn asszumed that the mixing of many 1 components

leads to an sffectively s-wave character [5,9(c),11=~13], and we will discuss

some modal theoretical calculations based on this assumption below.

-The more complex, often multipeak, naturs af Auger spectra in general
makes the use of higher energy resolution to resolve chemical and/or
sagnetic states easier in photoelsctron spectra. This fact, plus the better
defined nature of the outgoing direct wave, will lead us hare to focus more
on photoslectren diffraction and bolography, even though much of what is
useful in these technigques can also be said of Auger slectron diffraction

and holography.

~The slectron-atom scattering which produces the diffraction pattern
is dominated at higher snergies of 1 keV or more by & strong and DATITOW peak
in the forward direction, while at lower snsrgies of approximately 50-300 aV
it can be stromng for all angles from forward- to back-scattering [5]. Thus,
messuremants in the typical IPS regime often take advantage of strong
forward scattaring peaks to derive bend- or low-index-directions relative to
a given emittar type, whersas those at lowsr energiss (and usually invelving
synchrotron radiation for excitation) can make use of back-scattering or
side~scattering events to derive information on atoms "behind“ or "beside”

the emitter as viewed from the detector.

-Photoelectron diffraction appesrs to be rather accurately described
for many cases by & single-scattering (kinematical) model, sven though
multiple-scattering (dynamical) effacts can bs quite important for certain
geometries and certain snergies. For example, marked iptensity reductions
can occur for emission along chains of atoms due to repeatsd forward
scattering at higher snergies [9(c). 12,13}, as first pointed out by Tong and
co-workers [12]; this has besno termed multiple scattering "defocussing” from
its analogue in classical optics. BSingle scattering calculations that do
ot ipclude these defocussing effacts are thus often found to predict too
high intensities aloag low-index directions above surfaces, even though the

remainder of the diffraction features sway from these directions may be
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rather accurately described. As an sxample of this, we show in Fig. 2 a
nearly full heamisphers of 8i 2p XPS intensities above a 8i(111) surface,
together with a single-scattering calculation of the same diffraction
pattern [14). The two patterns have been normaliszed to have the same
average heights over the regions away from the strony forward scattering
peaks. The peaks along the lowsst-index directicns labelled are too strong
and too broad in the calculation, but an inspection of the remaining fine
structure shows that it is very well predicted by single scattering.

Similar conclusions have been resached by Osterwalder and co-workers based on
the measurement of a number of full-bemisphere diffraction patterns above

metal surfaces and epitaxial overlayers [15).

-The single scattering photoslectron or Auger slectron intensity as a

function of wave vector can be writtsn as:
k) & ¢ + Z494]2
= [651% + 2408505 + 05837 + 558,07 (1)

where k is the electron wave vector and éj and $, are srbitrary scattered
waves. For the simple reference case of photoslectron smission from apn &
subshell into an outgoing $o with p character, the individual wave
componsnts here can be written out mors explicitly in terms of (cf. Fig. l):
dipole matrix elements proporticnal to the radiation polarization direction
(?) dotted inte the relevant emission direction (k/k = kR or ;j/rj =

?j); axponential decay factors .xp(-L[?A.), with L squal to the total
length fox some path below the surface and Ay the inelastic attenuation
length; scattering factors :j(aj) involving both an amplitude |£j(0j)| and a
phase shift *j(ﬂj) that ars functions of the scattering angle Gj; Debya-
Waller factors Hj that allow for atteouation of interfersnce dus to
vibrational effects; and finally, the phase shifts due to path length
differencas of the form -xp[ikrj}-xp[-ih~;j] = oxp[ikrqu-cossj)]. All

structural information is thus contained in these last factors, with the
path length difference betwsen ¢, and ‘j being givan by rj(1~co|ﬂj). 2q. 1

then becomes:
I(k) o |(T-R)exp(-L,/2A0,) + Ly (5/ry) | 15004) |Wyexp(-Lyfang)
x up[i{krj(1-con.9j)+wj(aj))]|2, (2)

or, in more convenient notationt

Itk) « [P, + Ty Piexpl-ik-zy) ]2, (3a)
with

Fo = (2:-R)exp(-L,/2A,) (3b)

F= (@-fj]rj)|tj(8j)ijcxp(-LjIZh.)-xp[in(ﬁj)}cxp[ikrj]. (3c)

Here, ons portion of the phase factor due to path length (-xp[ikrjl) is now
incorporated into the rj'-. Eq. 3 can alzo be formally generalized to
include multiple scattering [7], in which case we must include in each rj a
sum over the various single and multiple scattering pathways = with
different total lengths Lmj that terwinate in scattersr j just before going
to the detector; witbin each multiple-scattaring pathway, there also will be
products of successive path-lesngth phase factors and scattering factors.

Expanding the square in Eq. 3 then yields
Ik = |Pol? ¢ Z51r, Fiexpi-ik-xy} + PPy expiikezj))
+ I3T [Py Ppexplik (2ymny)) + TP expl-1k- (2550 }) - ¥)

’rolz = I, is just the intensity in the absence of any scattering. This

form will be useful when we later considar holographic analyses of
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diffraction. One common approximation is to assume that the scattered waves
éj and ék are small in amplitude with respect to ¢°. s0 that the cross terms
¢o*¢j and ¢°¢j* in Eq. 1 contain all of the structural informatiom. 1In Eq.
4, this implies neglecting the double sum over i and k, and then
straightforwardly leads with Eqs. 2 and 3} to:

I(k) « |r°|2 + 2F°$j (Z-fjlrj)lfjtﬂj)|Hj-xp(—leA.)
x co-[krj(l-cosﬁj)+wj(9j)]- 5

This form jis relevant when considering how Fourier transforms of scanoed-
snerygy data can be used to derive path length differences (9(b),16].
Finally, we note that the presence of the surface potential barrier or inner
potential V, can lead to slectren refraction of both the direct and
scattersd waves as they lsave the surface, and that the detection systeam
will in general intsgrate over some range of emission directions as set by

its scceptance solid angle of {0, (cf. Fig. 1).

-Single-scattering is also probably a geod approximation for much of Ruger
electron diffraction, but it is more difficult to assess theorstical models
for this case due to the more complex nature of the ocutgoing direct wave,
which may consist of a complex mixture of orbital ssgular momenta. For the
simplifying assumption of an s cutgeing wave in Auger smission, Eq. 2 can be
modified simply by elimipating the dot-product factors due to dipole matrix
slemsnts.

-Full multiple scattering calculations are being carried out routinely for
both PD and AED results [9,11-13]), and, with the exception of adequately
defining the outgoing wave in Auger esmission, these are no more complicated

ia principle than the calculations required for analyzing low suergy

electron diffraction (LEED) dats. HNowsver, one expects & single-scattsring

picture to be more guantitatively valid for many cases in PD and AED than it
is in general in LEED.

~The most appropriate theorstical models for simulating either PD or AED
data are based on a short-range-order cluster approach, in which single or
multiple scattering is computed only over scme sst of near-neighbor atoms to
a given smitter {Fig. 1 and refs. 1,2,5,9¢(b}-9(4)]. Depending on the snergy
and the geometry of the probles, the number of atoms that nesd to be
included in such a cluster can rangs from only a few to as many as a fow
hundred, with the final c¢riterion on cluster size being that the diffraction
pattarn should ba stable as size 4s further increased. It is here also
important to strass that both PD and AED are principally probes of short-
range-order, with the first couple of sphares of naighbors usually producing
wost of tha strongest features in the diffraction patterns, and spheres out
to 1%-20k away contributing only to additiomal fine structure on these
features. This cluster approach can be contrasted to the long-range-order
methods applied traditionally in LEED analyses [9(a},17}. In a typical LEED
measurement, it is order over regions of about 100 in diameter that
controls spot patterns, saking such methods a natural choice for theoretical
calculations. Howevar, it has recently besn shown experimentally by Heinz
and co-workers [18] that, even in LEED, tha energy variation of spot
intensities is controlled by short-range order. An advantage of the long-
ranges order models in treating either LEED or photoslectron diffraction is
in being able to mors sasily deal with sultilayer substrate scattering by
layer-doubling schemes [17]; in the cluster approach, substrate emission

sust often be modelled by using sxtremely large clusters.
2.1 SOME CURRENT AND FUTURE APPLICATIONS:

We here consider some more or less wall-established areas of
application of PD and AED to illustrate the types of information that can be

derived, commsnting on how thess are likely to be extended in the future.

2.1 Forward scattering in adsorbed molecules:



-10-

In adsorbed molecules, if one atom lies below another as viewsd from
the datsctor, then the latter can act as a forward scatterer at bigher
energies and thus produce a strong peak in diffraction patterns exactly
along the internuclear axis. This was first demonstrated for vertically-
oriented CO oo Ni(001) [19), and such effects have subsequently besen used
with considerable success on several other adsorbate systems, sspscially by

Bonzel and co-workers [20).

As one example of this type of study, we show in Fig. 3 polar and
azimuthal scanned-angle data for ¢ 1s emimsion from the 23 state of CO on
Fe(001) that have been cbtained by Saiki et al. {21). The polar-sangle data
of Fig. 3(a) have baen normalized by dividing with the O 1s intensity from
the same molecule in order to eliminate purely instrumental variations with
angle. In these polar data, the strong forward scattering pask at 55°' from
the surface normal (35' from the surface plane) immedistely suggests that
the CO mclecule is tilted at this angle as well. Setting the polar
orientation at this tilt and scanning in ssimuthal angle then leads to the
results in Fig. 3(b), which furthesyr indicate that the CO molecules have
preferred orientations along the <100> azimuths, probably in four equally-
populated domains. The final structural model for the local bonding of sach
CO on thias surface is thus aw shown in Fig. 3{c). We note that the direct
nature of the interpretation of thess forward scattering peaks permits
making thess structural conclusions without resort to any sort of
theoretical modeling, and is a distinct advantage of this approach.
Nonetheless, calculations at both the single-gcattering and multiple-
scattering lavels for the geometry of Fig. 3(c) are found to agree very well
with experiment [21].

As a second example that has important implications for futuras
applications with higher snergyY resolution, we show in Pig. 4 N ls cors
spectra from N, on Ni(00l) due to Nilsson, Tilbory, and Mirtensson [22],
Here the two N atoms exhibit a chemical sbift, with the nitrogen atom N
bound directly to the Ni substrate in an atop geometry having a binding
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energy that is about 1.3 eV greater than that of the second atom N' facing
outward from the surface. MNeasuring the intensity ratic of thess two peaks
as a function of polar angle (in just the same way as the Cls/Ols ratio was
used in PFig. 3(a)) then shows very directly in the inset that this molecule
is oriented normal to the surface, and by isplication also identifies the
higher-binding-energy peak as being associated with the lower N atom that
can exhibit forward scattering. This use of chamical shifts to study
indspendently the local structure around inequivalant atoms of a given type
is a major advantage of photoslectron diffraction that should becoas more
widely used, particularly in conjunction with high-resclution synchrotron

radiation sources. We will return to this toplc bslow.

2.2 Forward scattering and diffraction from epitaxial overlayers
and clean surfaces:

Bigher-ensrgy PD and AED measurements have by now besn mads for
Rumerous cases of spitaxial growth on single-crystal substrates, and this
type of work has been reviewed by Chambars st al. [3), Egelboff [4], and the
author [2,5]. Im such studies, the forward scattering peaks along near-
neighbor directions that are alsc often incipient low-index directiocns in an
epitaxial overlayer can be used to determine not only how many layers of
growth one has, but also to decide from the polar angle at which thess peaks
ars obsarved whether there bhave been vertical relaxation in the interlayer
distances during growth. But it is also desirable to go further in the
analysis of such data and compars experimental diffraction patterns with
theorstical predicticns for the assumed geometry, as the more complex
diffraction featurss away from the strongest forward scattering directions

alsc contain useful structural information.

As a first sxample of this kiad of analysis, we conmider results due
to Herman et al. for an spitaxially-grown Hgy . 7gCdp, ;oTe sample with (111)
orientation [23]}. 1In Pig. 5(a) are presented azimuthal data for cora peaka

from all thras of the atoms present in the sample, taken at a polar angle of

P
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19° with respect to the surface that is chosen to pass through nearest-
neighbor <1il,-1> forward scattering directions. These nearest-nsighbor
peaks occur at ¢ = 0° and 120" in the figure, and have the same origin as
the peak for Si labelled [1i,-1} in Pig. 2(a). The experimental data are
compared with single scattering calculations for two differsat types of
termination of the surface: "A" = cation-terminsted with Cd or Hg at the
surface, and "B~ = spion-tearminated with Te at the surface. The forward
scattering peaks at ¢ = O° and 120° are strong in all exparimental and
theorstical curves; thus, mo decisiom on the terminstion could bs made from
thess peaks alone. However, considering the sdditional fine structure
betwesen these peaks for both the Hg ‘fTIZ and Cd 3d5/2 intensities, it is
clear from both visual and R-factor comparisons that the "A” termination is
strongly preferred. For the Te 345/2 intensity, the comparison in Fig. S{a)
is pot as conclusive, with equal R-factors for the two terminations.
Bowaver, if we again note that the forward scattering peaks are expected to
be overestimated in single-scattering theory, we can consider only the ¢
range betwsen thess two peaks, and rescals the curves to permit a more
quantitative comparison over this middle range. This comparison is shown in
rig. %(b), for which it is now clear that the “A" terminoation better
describes experiment for all thrae of the constituent atoms. This werk thus
illustrates the powsr of such msasurements, in combination with a relatively
simple theory, for determiniog even rather subtle aspects of the surfaca

wmorphology of epitaxial overlayers.

The results in Fig. S also illustrate a typical discrepancy seen
betwesn sxperissntal data and single-scattering, or aven multiple
scattering, theory: the percent sffect as judged by the anisotropy AI]Im‘x
is often predicted to be too high by as much as a factor of 3-3 [5]. Some
of the reasons for this are: residual surface disorder or other types of
non-ideal emitter sites at dafects or steps; lack of adequate consideration
of gquasi-elastic scattering by electrons or phonons that may reduce the
fraction of coherent smission in a given spectral peak; and multiple
scattering, particularly along low-index directioms. Such discrepancies are

also often found in multiple scattering apalyses of LEED data [17].
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Being able to measurs these diffraction pattasrns separately for all of
the elemsnts pressnt in the specimen is clearly a key advantage for such
apitaxy studies. At highsr snergies, the diffraction pattsrn is sssentially
a fingerprint of the type of site occupied by a given atoa, and thus it
should he rather straightforward to detsrmine whether it occupies a normal
lattice sits, an interstitial site, or some sort of spscial or disordered
site. In multicomponent systemss or epitaxial systems that may show
interdiffusion, this ability is also important, as an atom that, for
exsmple, prefersntially diffuses to the surface, will show little or mo
forward scattering and a higher relative intensity than if it were uniformly
distributed through & given epilayer. By contrast, diffusion of an
apitaxial component into the substrate can be very sasily detected by the
turning on of forward scattering effects. An example of this is O on
Ni(00l), for which Saiki et al. [24} bave found oxygen burial and/or oxide
nucleus formation well befors the completion of the c(2x2)0 adscrbate
overlayer that is evident in the LEED spot pattern. A mors recent case
studied by Fischer et al. {15(b)] is that cf Mg evaporated conto Pd(111).
Some of the data froms this work is shown in Pig. 6. Here, ths full-
hemisphers diffraction patterns for Mg ls smission at 417 eV clearly show
forward scattering peaks by a coverage of only 0.5 ML, and they furthermore
go from being threefold symmetric to being sixfold symmetric betwsen 0.9 and
1.5 ML. These dats have bsen interpreted as implying that Mg initially
occupies fcc sites distributed over the first two Pd layers, and then for
higher coverages forms small oriented clusters in alterpats fcc and hep
sites. Long-range order is not present inm any of these Mg/Pd structures, so

LEED is of limited valus in studying this and other similar prebleas.

As a finasl comment on surface structurss and eapitaxy, we note that the
uss of chemical shifts promisss hers also to permit doing site-specific
diffraction measurements in a way that is not possible with any other
structural probe of which we are aware. For example, Sebillsau and co-

workers have first measursd the ssparate diffraction patterns of the surface
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and bulk layers of a tungsten surface, using the binding snergy shifts
batwsen them to sepaArste the core intensities [25]. For certais cases, this
should also be possible in compound epitaxial growth as well. For example,
Himpsel et al. [26(a)] bave demcnstrated that it is possible with
synchrotron radiation to resolve in thin exide spilayers on 8i(100) or
8i(111) all of the oxidation states from element (0) to $i0, (+4) . This
suggests the exciting futurs possibility of doing state-specific diffraction
on all of the four oxide-related atomic types, or similar state-specific
studies on other overlayers and interfaces. In fact, Denliger et al.

[26{b)] have recently resolved the bulk and interface Ca 2p levels in

spitaxial CaF, grown on 8i(1ll), and succeeded in carrying out separate IPD

Msasurements on these two components.

3. MORE DETAILED STRUCTURAL ANALYSES AND NOVEL
APPLICATIONS:

3.1 Multiparameter fitting of experiment and theory:

With a sufficiently accurate and extensive photoslectron or Augsr
electron diffraction data set, it is possible to proceed further with a
structural study so as to determine not only adsorbate site symmetries and
vertical positions, but also the varicus substrate interlayer relaxaticos
that are by now known to occur in response to adsorbate bonding. This would
generally involve comparing experiment and theory (at either single-
scattering or multiple-scattering level) for a number of different
structures, perhaps using R-factors as a quantitative indicator of goodness
of fit. This procedure is thus identical in spirit to that used in all LEED
structure determinations {17]. Such analyses are to date relatively few in
nuaber, and we will bere give two illustrations of thes as an indicator of
what might be expected in future work, one based on scanned-energy data
emphasizing back scattering due to Shirley and co-workers [27], and one con

higher-energy scanned-angle data due to Saiki and co-workers [28).

-15.

In a scanned-snergy study of (/3x/3)R30' cl onm Ni(l1ll), Wang et al.
[27] have besn able to determine the particular thresefold-hollow site in
which the adsorbate sits (two distinct ones are possible), the vertical
distance of the Cl above the surface (l.lii), and the degree of contraction
of the vertical distance betwsen the first and second Ni layers of the
substrate (3% relative to bulk Wi). As an indicator of the high sensitivity
of such data to the substrate relaxation, Pig. 7 compares expsriment and
multiple scattering theory with (panel (a)) and without (panel (b)) any such
interlayer contraction. The fit of theory to sxperiment is excellent with
contraction, and is ssverely degraded without contraction. Other adsorbate
systems have been studied in similar detail by the Shirlasy group using the
scanned-snergy approach (9(b),29], and in these also, strong sensitivity to

substrate relaxation has besen demounstrated.

In a scanned-angle investigation of the wsll-defined test case of
c({2x2)8 on Ni(00l), Saiki st al. [28] have been able to determine both the
vertical distance of § above the surface (1.394) and the degree of expansion
of the distance betwsen the first and second Ni layers (6% relative to bulk
Ni). Soms R-factor curves used in arriving at the fipal structure are shown
in Pig. B(a). Frig. 8(b) shows the final comparison of experiment and
single-scattering theory for the optimum structure, and the agresemsnt is
vary good for the thres highest polar angles above the surface (4 = 10°,
12°, and 16°), The lowest angle shows more disagreement, and this is not
surprising, as multiple forward scattering parallel to rows of 8 atoms along
the surface is expected to be mors important for lower angles that lie
within the forward scattering cone. This work was done at a higher energy
of approximately 1085 &V at which forward scattering is expected to ba
dominant, and thus the contributions of the Ni atoms lying below § are
sxpacted to be rather weak. It is thus encouraging that this much
sensitivity is seen to not only the vertical adsorbate distance but also the
substrate relaxation. Puturs data with better statistical accuracy and over
more azimuths going to higher takeoff angles over which a simpler single-

scattering picture is expectsd to apply should isprove such structural
determinations.
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A final note of caution concerning such R-factor comparisons of
experimant and theory is in ordsr howaver. It has been found by Saiki st
al. in an IPD study of O/Wi{00Ll) [24({b)] that R-factors can exhibit
oscillations as a function of certain structural parameters such as ths
adsorbate vertical height. #Such oscillations thus enhance the probability
of accidentally finding a local minimum in R that is not the absolute
minimum, and dictate that such parametar sesarches be very carefully dons
over the full range of reasonable gecmstries and distances to avoid
converging on an erronecus structure. (Similar oscillations in R-factors
ars also well koown io LEED aoalyses of surface structures [17(c}]).)} ‘The
possible existence of such local minima also makes it clear that having an
approximate idea as to the geometry and atomic positions which is accurate
to within even 0.5 A could save a great deal of time in such structural
searches, and assist considerably in avoiding such spurious structures. One
of the principal attractions of the holographic apalysis of diffraction data
to be considered in Sec. 4 is thus that it may provide such approximate
starting structures from which the final optimization can be made by fitting

theory to experiment using R-factors.
3.2 Surface-structural phase transitions:

Wext we consider the application of photoslectrop diffraction to
surface-structural phase transitions. Two prior studies of this type have
besn perfarmed: the first on the surface melting of Pb(110) by Bonzel and

co-workers [30] and a more receat one on a high-temperature surface phase

transition of Ge(lll) by Tran et al. [31]. Both of these involved measuring

the temperature dependences of certain forward scattering psaks in polar
{30) or azimuthal [31] intensity scans. The study of Ge(lll) also included
neasursments of the full intensity profile above the surface at several
tamperatures below and above the phase transiticn. We will consider thae

latter hare as & representative example, since & mors complete data set was
analysed.
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This high-temperature surface pbase transition on Ge(lll) was first
studied using LEED by McRae and Malic {32], who observed abrupt decreasss in
different spot intensities, with a saturation of the effect by about 1G60K
or 150K balow the melting point. One set of data from this study is shown
in Fig. 9(a). The same transition was then monitored in photoslectron
diffraction via the pask-mipus-background intensity of a nearest-nsighbor
forward scattering peak that is found st a takeoff angle of 19" with respect
to the surface [31]. These dats are shown in Pig. 9{b). They are similar
to the LEED data in showing an sbrupt drop at a temperature near 1050K, but
Aifferent in that there is no saturation at this temperaturs, but rather a
continuing drop going all tbhe way up to the melting point. Also, tha point
of stespest slops is at about 1040K for LEED, and at a higher temperature of
about 1060K for PD. These differences can be sxplained by the fact that the
LEED spot intensities are primarily sensitive to leng-rangs crder oo the
scale of about 100A, whila the PD sffacts are sansitive to shorter-range
structures on the scale of 10-70A. Thus, the loss of long-rangs order would
ba sxpected to saturate at a lower temperature than that for short-range

order.

Tha full diffraction patterns above the Ge(lll) surface are shown in
rig. 10 at room temperaturs, just below the transition at 970K, and just
above the transition at 1130K. With » normalization chosen so as to make
the maximum heights of corresponding features identical, it is striking here
that all thres patterns are essantially identical. This suggests that the
transition leaves sll emitters that are in ordered sites (and thus capable
of showing diffraction) with the same near-neighbor structure. (A
holographic analysis of the data in Fig. 10 using the methods to be

describad in Sec. ¢ also confirms this conclusion [31]).)

Both tha LEED and the PD data shown hers c¢an be explained in terms of
a wodel in which a completaly disordered liquid-like layer gradually forms
on top of an underlying crystalline subatrate, with the thickness of this
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layer increasing almost all of the way to the melting point, but not in the
divergent manner that is found in true surface melting (as studied before
for Pb(110) with PD by Bonzsl and co-workers [30]). Since LEED is primarily
sensitive to long-range-crder in the first couple of surface layers, the
LEED spot intensities should drop to & very low valus as scon as this
disordered layer sitber loses its loag-range cohsrsnce besyond about 30-30 A
or reaches s thickness of 1-2 layers. By contrast, the photoelectron
diffraction festures originating in the ordered substrate can be thought of
as being simply attenuated in absolute intensity due to inelastic scattering
in the disordersd overlayer. The atoms in the disordered overlayer will to
a good approximation just add a constant background intensity with no

diffraction structure to any angle scan.

The PD data can then be analyized simply by assuming an exponential
attenuation according to nxpl-tliq(T)/(A.sinﬂ)]. wherse tliq{T) is the
disordered overlayer thickness at a given temperature, A, is the inelastic
attenuation length in Ge (measured for this system to be 2sh [33]), and ¢ is
the electron takecff angle with respect to the surface. Analysziog the
intensity curve in Fig. 9(b) in this way yislds a final “"saturated"”
thickness of about 4k that is in good agresment with the thickneas of a
single (111) doublae-layer of atoms of 3.3A. Also, the temperature
despendence of this thickness as derived from photoslectron diffraction at
two different takeoff angles of 19° and 55° is in excellsnt agreement with
that found in a parallel sedium energy ion scattering study of this asystem
by Denier von der Gon et al. {34]. This is reasonable in view of the short-

range-order sensitivity of both techniques.

These results thus demonstrate a useful sensitirvity of photoelactron
diffraction (and presumably also Auger slectron diffraction) te a loss of
order near a surface. Although the diffraction patterns for this case (as
well as for Pb(110) in ref. 30) bave aot besn cbserved to changs appreciably
with temperaturs, this is consistent with the simple attenuation expectsd by

a disordered overlayer. In future studies with better statistica, it would
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be interesting to look for subtle differences in these pattarns with changes
in temperature or direction that could provide information on the axact
nature of the disordering transition. 1Im fact, Breuer ot al. [30] have
speculated on this already for Pb(110). It may also bes possible to study
sore subtle surface rearrangements or reconstructions, aspescially by goeing

to more grazing takeoff angles to emphasize the near-surface region.
3.3 Short-range magnetic-order near surfaces:

The sdditjon of spin resolutiom to the photoelectron diffraction or
Auger slectron diffractiocn seasurement represents the final physical
variable defining the outgoing electron. Spin can be defined either with an
axternal spin detector, imcurring about a 10%x increass in data scquisition
times, or with a simple internally-referenced multiplet splitting such as
that illustrated in Fig. 1l1(a). In the latter, the L-8B coupling occurring
ip the final state after Mn 3s emission from Mn?* in an ionic compound such
as XMnF; splits apart the spin-up and spin-dowm pbotoslectron peaks in
energy, so that & simple measurement of the spactrum yields peaks with
predominantly one or the other spin character. For this case, these
photoslectron spins are furthermore referenced to the valsucs spin (wmagnetic
moment) of the emitting atom. These two paaks might then be axpected to
axhibit different spin-dependeat scattering in a magnetically-ordered
environment, or mors particularly to be sensitive to changes in this
magnetic order with temperature, au sffect that was first discussed

theoretically by Sinkovic and Fadley (35}].

In Fig. 11(b) are shown results due to Sinkovic et al. [36(a)] in
which the spin-up/spin-down intensity ratio was measured as a function of
tempsraturs along two directions above an astiferromagnetic KMarF; (110)
surface. These data wers taken at about 104 oV kinetic smergy, as it is
only at such low energies that magmetic sffects, particularly exchange
scattering, ars expected to be large encugh to measure [35,36(b)]. The

spin-up/spin~down ratio sbows a dramatic change at & temperaturs that is

P
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2.7x the Nesl temperature, or well above the point at which long-range-order
has disappsared. It has baen suggestsd that this is the temperature at
which short-range order in the first few spheres of neighbors finally
disappears. A similar abrupt change has alsoc been sesen in the
antiferromagnet MnO, for this case at about 4.7x the Neel temperaturs [37].
Both the Mn 3s and Mn 3p spectra from NnO are also found to show similar
affacts, providing strong confirmation thst these are genuine spin-dependent

scattering phenomena [37].

Thus, although there iz very little data available to date on what has
besen tarmed spin-polarized photoelactron diffraction (SPPD), this axtension
of the technique so as to achieve sensitivity to magnetic order alrasady
sesms very promising. Varicus applications to magnetically-ordered
overlayers and small c¢lusters should be possible. The low kinetic snergy
required makes the furthar development of this technigue depend on
syachrotron radiation for excitation, and the relatively small differences
in the diffraction of the two spins of about 10-15% also requires taking
data of very good statistical accuracy. HNigher brightness third-generation

sources should thus lead to more systsmatic studies of this type.
3.4 Valence photoelectron diffraction:

Valence photoslectron diffraction may at first seem to be a
contradiction in terms since we have supposed emission of a core slectron in
all the foregoing discussion. HNowsver, the connection is made via asking
what sort of intensity distribution in direction arises if we somehow
average over all valence states in the Brillouin sons, s0 as to force the
valence emission to lock as core-like as possible. One can thus immediately
identify two limiting cases in valence emission: the low-snergy or
ultraviolet photcemission (UPS) limit in which k-conserving transitions in
the zone lead to sharp pesks that have baen used in many angle-resolved
studies to measurs band disparsions and Fermi surfaces; apd the high-energy

or x-ray photosmission (XP8) limit in which smission in a given dirsction
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somshow averages over the full Brillouin sone, thus saffectively summing over
many direct transitions. The latter limit can be reachesd by going to
sufficiently high photon snergies and temperaturas such that phonon-assisted
non-direct transitions dominate apd/or by summing over snergy for one or
more of the usually broader featuras jin a spactrum [1,38,39]. This XPS
limit is also often referred to as a density-of-states limit, although
matrix-element effects can still strongly sodulats obsaervaed spectra relative

to a density-of-states curve [1].

Osterwalder et al. (39] first noted that, for x-ray photoemission from
Al(00l), the Al 1s cors and energy-integrated valence-band intensities show
very nearly identical diffraction patterns as & function of aximuthal angle.
Aluminum is furthersore a case for which essentially full zone averaging
should occur even at room temperature in IPS [38]. A somewhat more
interesting case intermediate betwesn the UPS and IPS limits is that of
tungsten, as studied recently by Herman et al. [40]. For this case, x-ray
photosmission from the W 4f and valence bands was studied as a functiomn of
temparature. A sest of valence apactra at room temperaturs and at S03X are
shown in Fig. 12. At room temperature, the relative intensities of the two
main components are found to change rapidly with azimuthal angle, and this
variation has been previcusly verified to be dus to direct-transition
effects and a resultant non-uniform sampling of the Brillouip sone {38]. On
going to B03K however, the spectral shape ceases to vary, presumably due to
sssentially complete zone averaging, However, if the energy-integrated
absolute core and valencs peak intensities are plotted against azimuth as in
Fig. 13, we ses strong residual diffraction sffects in both curves, with thas
core and valence diffraction patterns being very similar, but not identical,
at either tempsrature. Thus, it is concluded that the outgoing valence
electrons scatter and diffract in essentially the same way am core
slectrons, but im a situsation where the full sone is not averaged over,
direct-transition effects can alter the spectral profile significantly.
However, the short-range-order diffraction is always present in modulating

whatever direct-transition peak may emerge fros the surface. The residual
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iifferences between the W 4f and valence asisuthal distributions even at
803K have furthermore besn explained by the different angular momenta in the

sutgolng direct wave (cors 4f -+ a+h as comparsd to predominantly valence Sd
+ p+f).

Thus, valence photoslectron intensity distributions can under certain
¢ircumstances behave very much like core photoelectron diffraction patterns,
tnd any analysis of their absolute intensities asbould allow for this. It is
tls0 interesting to note the close physical analogy betwesn LEED and valencs
photoslectron diffraction in that long-range order controls the positions in
s-space of the Bragg-like svents (beams in LEED or direct-transition peaks
in photosmission), wharess short-range order centrols ths k depandence of

sbsolute peak intensities in LEED [18], diffuse LEED [18], and valence

photoemission.

Tinally, it has been pointed out by Stuck et al. [41) that, in
cospounds with multiple-atom contributions to the valence spectra, it may be
sossible to use cors diffraction patterns from the constituent atoms,
together with corresponding valence diffraction pattsras, to decompose the
raleoce spectra into their different compcnents or partial densities of
states. This method has alsoc basn reviewed elasswhers [2(b)]. Por this
iscomposition to he fully accurate, cne must implicitly assume that the core
10d z0ne-averaged valence diffraction components associated with a given
tom are identical; but Fig. 13 and its analysis [38) indicate that this
1sad not be precisely true, largely due to the diffarent angular momentum

‘haracters of the core and valence final states. Purther tests of this idea

‘or different systems are thus needad to assess its generality.

4. HOLOGRAPHIC IMAGING FROM DIFFRACTION DATA:

4.1 Introduction:

A final recsut development in surface structure studies with

‘hotoelectron diffraction and Auger electron diffraction lies in the
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realization by Sséke [6] that such data can be interpreted in a holographic
senss, and inverted by mathematical seans sc as to possibly yield three-
dimensional images around a given emitter type. The first theorstical
demonstration of such inversions was carried out by Barton [7], who also
showed that simple thres-dimensionsal, or even two-dimensional, Fourier-like
integrals could in principle be used to generate atomic images relative to
the smitter. The first atomic images to be derived from experimental data
ware for backscattered Kikuchi electrons and RAuger emission from Cu(0Cl) and
wers dus to Marp, Saldin and Tonnar [42,43]. Several exploratory studies of
such holographic imaging bave subsequently been performed [44-57)], and we
will bhere briefly review the principal assumptions and technigques used in
them, as well as the positive and negative features of such analyses as

illustrated in two specific examplaes.

The holographic approach begins by first noting that we can identify
the direct or unscattsred wave ¢, with the reference wave necessary for
producing a hologram, and the varicus scattered waves ¢j with the
subject (object) wavas which interfers with the refersnce to produce the
hologram. Since sach cores-sssociated phetoslsctron or Auger-slsctron
smission process {or Kikuchli backscattering process)} is indspendent, the
refarence wave should indsed be a coherent source localized st a certain
centar. The hologram is then just the intensity I(k), as mesasured over a

range of solid angles, and possibly also snergies.

A normalized intensity fuoction x(X) is now calculated, very much as

in the analysis of extended x-ray absorption fine structure (EIAFS):
- 1/2 &
x{k) = [I(K) I,¢k)1/1,¢k) ' (%)

where I.(k) = Irol2 is tbe intensity in tbhe absence of any scatterers, as
defined previously. From Bg. &, this yields

LN
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(1) (2)
X(B) < E41Po(K) Py(k)expl-ik Xy} + Po(kIPy k) oxplik-£y}]

3) )
+ zjzk('j(K)'Fk(k)'*P{ik'(Ej'ﬁk)} + rj(h)’k(k)*.‘P(‘lk‘(Ij'Ik)}]- 7

The simplest imaging procedure now makes use of the Helmbholtz-Kirchoff
theorem from optics to calculate the atomic image U(r) (actually the source

wavefield) associated with the hologram from [7]:

U(x,¥,3) = |JISX(B)-=P(15-£ldUki . (8)

where the integral on the djirection of k is over the spherical surface on
which the hologresm is msasured. Note that we have here multiplied x(k) by

the complex conjugate of the direction-dependent part of the phase factor
due to path length difference exp[-ik-r], and that the magnitude of k is
fixed. PMurther takiog the z axis to be along the symmetry axis of the
hologras and thus usually also to bs perpendicular to the surface and then
projecting y(k) onto tha kx,kY surface plane permits doing a two-dimensional
Fourier transform with z as a variable parameter to yield the image U in a

given 3 plane as [7]:

Ui{x,y,3) &« |Ij{x(5)-xp[ikz:}}oxp[i(kxx + kyy)]dkxdky f (9)

If the full opening sngle of the hologram as cantered on the 3-axis nermal
to the surface is defiped to be a, it can further be shown [7] that the
uncertainties with which pesitions can be detarmined in the three
coordinates are given by: Ax = Ay = 1.22x/(ksin(af2))] = 0.613, /min(a/2) in
the surface plane and Ax = ‘ﬂ/[kllnz(ﬂlz)] = ZA./'inz(a/Z) perpendicular to
the surface plane, whers 1, is the electron de Broglie wavelength. Thess
incertainties can alsc be inversely related via the Uncertainty Principle to

:he ranges Ak, , Aky, and Ak, that are spaaned by the hologram [47(b)].
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The single sum in Eg. 7 over terms of typses (1) and (2) repressnts the
usual hologram of optical holography and the double sum over terms of types
(3) and (4) the self-interference or self-bologram [7,44]. If the Fj’l of
Eq. 3(c) do not depsnd om k (implying among other things s-wave scattering),
then ths FT would ba expected to yisld peaks only at + Ky and at Z‘Ej'lk)'
that is, at + the atowic positions (the real and twin(cocnjugats) images,
respectivaly) and at + all of tha differences of atomic positions (the image
dus to self-interference and its twin{conjugate)). 1In the further limit
that |r°| >» [rjl for =ll j, the double sum can ba neglected and only the
real image and its twip will be obtained; we explore bslow the degree to
which this heolds. Fowever, SORe Irj|'| are very large (e.g., in forward
directions at higher energies), and the dspendence of both the amplitudes
and phases of the rj's on k can bes very strong, imcluding forward scattering
effacts, back scattering effects, scattering phase shifts, and possible
multiple scattaering pathways that introduce additional phase factors into
the Fj'l of nxp[ik|;m-;n|| for sach m~n step in a pathway. Thus, we must
immediataly ask whether slectron-atom scattering is strong enough to produce
non-negligible self-interference affects, and whether its anisotropy and

multiple character can introduce additional aberrations or artifacts.

We note first a key advantage of this kind of structural analysis that
is not shared with the well-developsd diffraction methods for x-rays,
electrons, and peutrons in which an external beam is directed toward the
specimen, and the diffracted intensities, often in distipct spots, are
measured. In these latter experiments, the reference wave is lost into some
direction that is not observed, and so a holographic analysis is not
possible. This is the origin of the so-called "phase problem" in these
technigques. These diffraction patterns are in fact formed only by terms of
types (3) and (4) in Eq. 7, which lead in one common msthod of analysis to
the Patterson function [45]. Thus, for most systems a trial and error
approach to determining a structure is required, whereas jn principle
holograpby with localized electron emission can directly yield thres-

dimensional stomic images, or soms reasonable approximation thersto.
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Bayond potential holograpby with photoslectrons and Auger eslectrons,
it has alsc bsen pointed out that both quasielastically backscattered
Kikuchi electrons [42] and low energy electron diffraction from systoms
without long-range order (diffuse LEED) [¢6(a)] and with long-range order
(conventional LEED) [46(b)) can be traated in this way. Bowever, as the
initial ‘o waves io both of thess cases are inherently more complex to

describe, we shall not consider these directions further harse.

4.2 Expected imaging difficulties and possible correction
procedures:

Studies to date in fact show saveral typas of image distortions and
other problems, and have also lead to suggestions for how to correct thess
aberrations. MWost, but not all, of these difficulties acrise because
slactron waves are mors complex, either in their excitation or their
scattering, than the light waves of optical bolography. By contrast,
visible light cao be formed into nearly ideal plane~ or spherical-
references and can then be assumed to scatter isotropically (i.e., s-like)
and very weakly with negligible scattering phase shifts. Some of the
problems that arise for the slectron case and their potantial solutions we

briefly discuss below.

~The refsrence wavs may be highly anisotropic (e.g., p-like in s-level
photoamission), but at least it is best defined for the photoslectron case.
In correcting for scattersd-wave effacts {see next paragraph), this
aolsotropy can in principle also be divided out whils doing the {mage-

producing transform.

-The scattered waves may be highly apisotropic in amplitude and may
show significant phase shifts due to scattering. Possible solutions to
thess problems are to eliminate or correct regions of the hologram that are

most anisotropic, as for exsmple, over the forward scattering peaks. For

-27-

the forward-scattering case, Thevuthasan et al. [44) have simply multiplied
by a Gaussian-based damping function centered on a given forward scattering
direction. More generally, it is also possible in principle to correct for
amplitude and/or phase in doing the image-producing transform [47,48]. One
correction method proposed by Tonner, Saldin and co-workers [47] is simply
to normalize x(k) by a generalized scattered-wave strength rj during the
integration, which yields a new image function U’:

Ui(x,¥,3) @ Iﬂ{xtklup[ik,'llrj(kan}ﬂrli(kxt + kyy))dR,dk. | . (10)

This has been termed the scattered-wave-included Fourisr transform (SWIFT)
method. 1In practice, this procedure has to date involved simply dividing by
a plane-wave or spherical-wave scattering factor, which may then have to be
adjusted with position in space so as tc allow for the different types of
scattersrs present, The latter adjustment thus requires some advance
knowledge of the structure, or an iterative approach. rj also can in
principle allow for the anisotropy in the outgoing refarance wave, as noted
above, and the influence of such corractions have bean quantitatively

studied for Auger emission by Saldin, Harp, and Tonner [11].

~The strength of the scattered waves may make self-interference terms
of types (3) and (4) in Eg. 7 yield non-nagligible image features. This was
first explored by Thevuthasan et al. [44]), who found that such featuras
should iu magnitude be only about 10-20% of the raal or twin images from
terms (1) and (2) for a typical medium-31 scattersr. These sffects have also
been discussed by Hu et al. (45]. Thus, although interpreting weaker peaks
in such helographbic images may bs complicated by self-interference effects,
they should be negligible in first approximation. Summing several images
obtained at different energiss has in fact been shown to suppress such self-
interference problems [49), and we consider this correction method in more
detail below.

-An additional sffect that has only recently been notaed by Len et al.
[30] is interfersnce betwesn the images of different atoms that have

I TP —
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inversion symmatry along the surface with respect to the emitter (i.we.,
which are situnated at +r in the x-y plane of the image). In fact, for
certain choices of |r| the phases of the two image features esseatially
cancel one another, and their smplitudes are thus found to oscillate with
{z]- This is illustrated in the theorstical simulstions of Fig. 14 for a
timple thres-atom chain of Mo atoms consisting of one emitter snd two
scatterers a4t +a along x. The oscillations pradicted for an ideal weak-
scattering x-ray case is shown in (a), for an ideal weak-scattering slectren
case with only an s-wave scattering phase shift included jin (b), and for
full-strength scattering of electrons im (c). The x-ray and electron
wavelengths are both fixed at A = 0.621 A, which corrasponds to x-rays at
19,970 aV and electrons at 390 eV. Por idesal scattering in (a) and (b), the
location of successive zerces of order m can be predicted from the simple
ratation [SO0]: 'olxe =(2m+1)/4; the same period is also found im {(c) with
full electron scattering, although with a slight phase shift and distortion
of the curve shapes. For full electron scattering, the completas extent of
the effect is difficult to seasure, as the real peak intensity becomas
comparable to nearby satellite features. Thus, the curve in (c) is shown as
dotted over the regions of minima. It is nonetheless clear that such
interfereances ino electron scattering can lead to & suppression of the images
by a factor of «0.4. Such interferences could thus accidentally reduce the
images of certain near-neighbor features in holographic images, and
minimally could make it non-trivial to quantitatively analyse the relative
heights of different features. Analyzing only the region of the hologram
dominated by one of the two atoms involved could assist in resolving this
problam (sss also discussion of this below in connection with real/twin
overlap). Or summing images over several energies should also be useful in
averaging over such effects, provided that the spergies are chosen carsfuliy

so as to avoid sampling the interfarence zsroes preferentially [50].

=The cverlap of real and twin images is a problem shared with optical
bolography, but it is potantially mors sserious in images of surface

structures, since the surface inherently breaks the inversion symmetry salong
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its normal, and thus the twins of subatrate atoms may overlap the regions in
space occupied by adsorbate or overlaysr atoms. One soluticon to this
problem is to note that, for some cases, the region of the hologram most
strongly affected by scms atom at I is well localized in a solid-angle
region centered on r; this was first demonstrated in theoretical simulations
by Baldin et al. [51]. Analysing only this portion of the hologram then may
lead to an image in which the twin from ancther atom at - is suppressed, as
first suggested by Saiki et al. [28) A more general approach for
suppressing twins has alsc been suggested by Barton [52], and it involves
making phased summations of transforms obtained at different energies E;

with wave vactors k; according to:

U"(x,y,2) [Zi-xp[-ikirljj{x(k)orplikiziI/rj(h.;)}

--xp[i(kixx + k-yy)]dkxdk

i ay

vl
This sum can in principle be performed either with or without correction for
the scattered wave, although it has been included above in djviding again by
rj(k,;). In doing this sum, we have multiplied by ths conjugate of the
remaining phase factor due to path length difference exp[ikr], with x(X)
containing such factors inside of the rj‘s (cf. Egqs. 2 and 3). The sum on
k; now varies the magnitude of k, and selscts out peaks at Ty in space for
which x(k), through tha Pj'l, contains phase factors cxp[ikrj}. This wmethod
has been demonstrated to suppress twin images [52,53], and also should
Suppress most sffects due to muitiple scattering [52], as discussed further
balow. Tong and co-workers [48,54) have also proposed a somewhat different
approach for analysing multiple-energy data so as to simultanscusly correct
for scattered-wave sffects and eliminate twin and multiple-scattering
effects. This methed does not require dats sets over a large solid angle,
but rather makes use of several scanned-snergy diffraction curves that are
then Fourier transformed and used to triangulats on the rezl-image positions

of certain atoms [54]).

~Multiple scattering effects also can effectively add in other path-

length differences that smay in turn introduce spuricus image features. As
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noted above, summitg imsges over several energies appears to suppress such
sffects. Alsoc, for some geometriss, multiple scattering can be localized to
one region of the hologram {(e.g., slong fairly dense chains of atoms with

forward scattering at higher energies), and sa by eliminating these regions
from the analysis, thess effects may also be suppresssed.

-A final sort of problem is connected with the presence of more than
ons structurally-inequivalent type of emitter. If thess cannot be resolved
in the photoslactron/Auger electron spectrum, then the bolographic images
will be a superposition of the images sround all of the emitter types, and
this could seriously complicate interpretation. One common example of this
is multilayer substrate emission (with at lsast one unique emitter type ino
sach layer below the surface), for which the different supsrposed images
corraspond to varying degrees of both inelastic attenustion and multiple
scattering. Emitters in each layer will generate an outgoing referances wave
and thus also a hologram, but as the depth below the surface increasas, this
bologram will become weaker and more complex dus to the combined effects of
both inelastic scattering and multiple scattering. Thus, correcting for
scattersd wave and/or multiple scattering effects will becoms much more
difficult dus to the superposition of these bholograms in the experimental
data. For some problems, it will be possible with very high saergy
resolution to distinguish among the smitter types (as ».g., surface vs. bulk
atoms and atoms in different oxidation states), and we have already noted
that this is a key advantage of photoslectron diffraction. However, for

other cases, it may make the interpretation of any holographic image much
more difficult.

We now illustrate some of these difficulties and the effects of
different correction procedures for a particularly simple model case: a
linear S-atom chain of Cu atoms 2.56% apart lying parallel to a fictitious
surface along the +x direction, with az emitter at one end of the chain that
is also taken to be at the origin. A schematic drawing of the chaio is
shown at the top of Fig. 15, togather with images derived in different ways.
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]
In (a), we begin with an ideal image froms a hologram calculated with an = t
outgoing wave and weak s-wave scattering: that is, & cass that simulates an h

optical hologram but with wavelength appropriate to 1000 eV alectrons. This
idesl image yields peaks essentially at the atomic positions, and identical
twin images for negative x (as it must). Im (b), a fully accurate multiple
scattering calculation for electrous at 1000 eV has besen used to gensrate
the hologram, and a reasonably good image again is found, but now with
shifts of the atomic peak positions to larger x values by 0.20-0.35 A, and !
again identical twin images for negative x. In (¢), the hologram opening

angls has been reduced from the full 180° hemisphere above the surface

(centered on the 3 axis perpendicular to the chain) to 120° in order to

avoid ragions in space where sither strong forward scattering or multiple

scattering can occur. This is found to improve the resolution of the peaks

in the image, leading to reduced background and sharper features, and the

peak shifts from the true atomic positions are also reduced somewhat to

0.10-0.20 A. In (d), the full hologram of (c) has been inverted according

to Eq. 10 using the SWIFT procedure; the positions of the real image peaks

are noticeably improved, now being within approximately 0.10 A of the true
pesitions. HNowaver, the twin peaks are still rather strong, broader than

befors the correction, and shifted to saven larger distances from the true

positions. In fact, it is generally expacted that twin images will be

adversely affected in position, and coften snhanced ia intensity, by such
scattered-wave corrections [47,53). 1In (#), we consider a phased sum of

image intsgrals according to Eq. 11, but without any scattered wave

corrections. A total of 47 energies equally spaced in Ak from 171.6 to 1000

eV bhave besn used. Por this summed-snargy case, the twin images are indeed

strongly suppressed, and the overall positions of the real peaks are about

as good as the analogous single-energy image in (b). BHowever, the summed-

energy peaks are significantly broadenad ralative to those in (b), primarily

due to the lowsr inherent resolution at the lower energies. Pipally, is (f)

we show a phased sum of imsge integrals over the same set of energies, but |
with the scattered-wave correction applisd te each integral according to Eq. :
1i. This yields the best image of all, in that the twins are still strongly b

T
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supprassed and the rsal peaks are mcved to within about 0.05-0.10 A of the

true positions.

Thus, there is clearly & hierarchy of lavels at which such data can be
taken and the analysis carried out. It sesms clear however, that, without
some sort of correction for scattered-wave effects, the images can be
significantly shifted from the atomic positions. Summing energies alse
looks very promising, even though it increases the net amount of data taking
by about an order of magnitude. Im fact, it has baen verified that only
about 10 snergies is sufficient to yield scat of the benefits of this kinod
of approsch [49]. Some wulti-snergy sxperiments bave already been carried
out with existing synchrotron radiation facilities [53], and the analyses of
these data verify the suppression of twip images. Buch expsriments will ba
wall-sujitad to the next-generation high-brightness sources that are just

beginning to come on line.
4.3 Some applications to experimental data:

To date, there are relatively faw sxamples of suitable sxperimental
dsta that have been analyzed holographically. Most of the cases studied
have been for multilayer substrate amission, a situation for which we have
previcusly noted that the several types of distinct imsges expected may well
complicate both the spalysis and the overall ability to derive useful
structural information. For exasple, in the first holographic images for
Kikuchi backscattering and Auger emission from Cu(00l) due to Harp, Saldin,
and Tonper [42,43], certain planar cross sections clearly showed features
associated with the nearest-neighbor atoms to a typical emitter in the fcc
lattice. However, these images were elongated parallel to strong forward
scattering directions (e.g., the <110> directious), and it is unclear that
any new information concerning the radial positionm of the nearest neighbors
was present in these images. Subsequeat work by Herman et al. oo Si 2p
enission from 8i(111) [14] showed mimilar results: features associated with

next-nearest neighbors were clsar in the images, but again with significant
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slongation parallel to forward scattering directions. Tran et al. found
sssentially identical results for Ge 3p emission frow Ge(lll) [31]. Thus,
it is suggested that holographic anslyses may be more fruitfully carried out
on very thin overlayers, s e.g., the system Cu on Pd(lll} studied by

Eardcastle et al. [56], or on adsorbate laywrs.

As ons example of an adsorbate which also jllustrates the use of
several of the image correction procadures mentioned above, we consider
again the well-defined test case of c(2x2)8/Ni(001) (cf. the trial and error
analysis of this structure in Fig. 8). Thevuthasan et al. [57] bhave
recently studied 8 2p smission from this system at 1327 eV kinetic snergy.

A novel aspect of this work was to take data over & range of takecff angles
relative to the surface from 10° to 40' so as to optimize the quality of the
image in several respscts: by starting oaly at 10° but not going lower,
effacts due to both forwsrd scattering and multiple scattering along the
surface are largely avoided; by going up to 40° (or even higher if intensity
had psrmitted) the data range included the highest degres of diffraction
anisotropy or largest oscillations in x(k); and by using & k range over
which Ak, and Aky (parallel to the surface) wers of about the same magnitude
as Ak, (perpendicular to the surface) the resolution in all three
coordinates could be sxpectsd to be more nearly equal than in several prior
studies for which Akx-AkY »> Ak,. (B3ee sarlier discussion of Eq. 9.) Two
other image improvement methods alsc were tested: the SWIFT procsdure was
used to corrsct for scattarsd-wave sffects, and only one half of the
hologram (toward +x) was analysed im order to focus on the real image of the
nearest-neighbor 8 atom along +x and avoid undesirable real/twin overlap
during the correction and imaging procedurs. Some of the results of this
study ars shown in Fig. 16, whera the top two panels are based on
experimental data and the bottom two ars based on a single-scattering
simulation of the same hologram. ({(For the 10°-40" rangs of takecff angles
in this data, it has besn verifisd that single scattering is a very accurate
approximation.)} Even bafore any scattered-wave correction (panels (a) and

(€}), the nearest-neighbor S isages arse very clear in both sxperiment and



theory, although in both cases they are shifted by about the same amount
(0.6-0.7 A) to larger x valuas thas the known position. After applying the
SWIFT procedure however (panels (b) and (d)), both experiment and theory ars
improved significantly in position, now being within 0.2 A of the true
positions. Note that the twins again behave in the opposite senss in these
images upon correction (cf. Pig. 15). The next-nearest-neighbor images ars
not sesn for experiment, although they ars strong in theory; perhaps this is
due to statistical scatter in the experimental data, and if so ons could

hope for better resolution of them in future work.

Although not shown hers, it was also found that the resolution of the
nearest-peighbor features in both expsrimest and theory was approximataly
equal ip all of x,y, and z. Thuws, this method of taking and analysing
highsr-ensrgy photoelectron holography data sppears very promising for
adsorbate studies. Especially if combined with phased sums over several
snergies, such images could be accurats to within a few tenths of an

Angstrom, and be essentially fras of twin interferences.

Finally, we note that, in view of the several problems sncountsred
with such holographic imaging, it sesms unlikely that such images will aver
in a single step yield structures with the accuracy and detail discussed in
Sec. 3.1. However, holography could be extremsly useful in gquickly
sstablishing zite symmetries and approximate structursas that could be
refined by the more laboricus trial-and-srror methods, but with much less
time and such less probability of falling into a false structure that is not
the global best fit to the data. Thus, although thers are still many
questions to be answered as to how well tbis new direction will work out, it

certainly bhas sufficient promise to be pursued vigorcusly.
4.4 Application to short-range magnetic order:

We have previously noted in discussing Fig. 11 that spin-up and spin-

down elsctrons in a magnetically-ordered system will exhibit measurable
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differences in their scattering processes, sspecially if cbservations are
made at lowsr snergies of 30-150 V. The question thus immediately arises
as to whether a holographic analysis of spin-polarized diffraction data
could be used to directly study short-range magnetic ordar. Although therse
is as yst no experimental data on this subject, Kaduwela et al. [58) have
carried out model calculations on some simple clusters to ascertain whether
this ias feasible. Some of their results are shown in Fig. 17 for a two-atom
cluster in which one Mn?* jon is the smitter and the other iz =
maguetically-ordered scatterer. In order to look for spin-dependent
axchange effects in the scattering, fourier-transform images U(x,y.z) were
calculated from Eq. 9 for outgoilng spin-up and spin-down slectrons,
respectively; no scattered-wave correction was used in ordar t) focus on the
spin-dependent differences in the images. The kinetic ansrgy was held
constant at 120 eV for both cases. The sxchange interaction with the five
parallel-coupled 3d electrons (cf. Pig. 11(a))} was included in the
scattering potential if the photoslectron spin was parallel to the net spin
of the Mo?* scattersr (1,1 or i,i), and was omitted if the photoelactron
spin was antiparallel to the scatterer spin (1,4 or I,t). Thbus, there
should be differences between the spin-up and spin-down images due to
exchange scattering. The two simplest measures of these exchange effects

are:
A(x,y,5,t=4,1) = U(x,y,s,1,1) - Dix.y,=z,4,1), (12)
which is simply a difference of two images, and
A (x,y,3,t=4,1) = |[F(x,y.3,1,1) - Fix,y,5,4, 0], Sk}

in which F is the (complex) Fourier transform integral within U and the
absolute value is taken after calculating the difference. The second spin
argument here is the orientaticn of the scatterer, hers chosen to ba up.
Through its sign, A can be shown to be sensitive to the orientation of the
scatterer [58), whereas the always-positive A' can be shown to measurs more

directly the strength of the spin-dependent exchange scattering [58,591.
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In Pig. 17, the two imags functions 4 and 4’ are plotted along with
their associated U's for the two different orientations of the scatterer, as
indicated in parts (a) and (b). The boldface arrows in the arguments in
this figure hers represent the orientation of the scatterer apin. The two
U's are indeed slightly different in both (a) and (b), but it is only on
looking at A or A' that the connection of these sffects with magnetic
scattering becomes clear. A is generally positive when the scatterer is
pointed up in (a), but generally negative when the scatterer is pointed down
in (b). A' by countrast is gensrally positive for both cases, and in fact
exhibits exactly the same curve in both (a) and (k). This squality is due
to the inherent symmetries in this model calculation, which dictate that
Fix,¥y,5,1,t) = F(x,¥.3,%,4) and F(x,y,3,%,}) = F(x,¥.%,+,1). The maximum
heights of the peaks in A’ are furthermors about 10t of the full heights of
the U functiops ir wmagnitude, and thus should in principle be measurable.
These peaks srs furthermore well centered on the position of the atom at 4 A
from the smitter. Although & is a weaker and more complex functionm, it
could be usad as an adjunct to &' for detecting the actual orientations of
spins relstive to the emitter. Thus, the locations of near-neighbor
magnetic scatterers could be located via A', and actual spia flips (e.g., as

temperature is changed) could bs detected via 4.

In an independent thecretical study of spin-dependent photoelectrem
holography by Timmermans et al. [59], a slightly differsnt sort of
experiment involving the use of an external spin detector and the difference
functios A° has been proposed. Such measurements also should be of
interest, mlthough they would be considerably more difficult dus the
approximately 10 times greater data acquisition tiwes in the exterual spin

detector.

Thus, these preliminary theorstical results suggest that the direct
imaging of short-range spinm order should be possible through s bolographic
analysis of spin-polarised photoelectron diffraction data. The difference
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functions A and A° discussed here both have the desirable feature of
focussing on just the magnstic part of the scattering, with 4° being
generally larger and easier to use, and 4 being more sensitive to scatterer
orientation. 1Images based upon sither A or A° should alsc probably be
aasier to calculats than the full images U due to the perturbative nature of
the exchange scattering, although further tests of this for more complex
clusters are called for. We also note that this is piot a case where
carrying out a full correction for scattersd-wave effacts is useful, as we
in fact wish to messurs a difference in the scattering of the two types of
alectrons. Although taking such data would again require high-intensity
lower-snergy syochrotrom radistion, it has some very ipterssting prospects

for application to magnetic surfaces, overlayers, and nanostructures.
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FIGURE CAPTIONS:

Fig. 1- Illustration of the basic procass involved in photoelactron
diffraction, with various important physical variables indicated. Only
single scattering is iodicated for simplicity. In Auger electron
diffraction, either a photon or an slectron may initiate the two-step
eaission process. In a holographic interpretation of such measuresents, tha
direct or unscattered wave ¢° is identified with the reference wave, and the

scattered waves ¢j are jdentified with the object waves.

Fig. 2- Experimental and theorstical $i 2p diffraction pattarns above a
S$1(111) surface, as obtained over most of the full 2x solid angle above the
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surface and then projected down onto the kx-ky surface plane. The kinatic
ensrgy is 1388 eV. The contours have bsen norsalized by subtracting the
unscattered intensity I, and thes adjusting tbe vertical scale »0 as to
optimally match the features away fros the lowest-index forward scattaring
directions (which are labelled). Note the generally excellent agreement
between experiment and theory away from these directions, and the
overestimata of forward scattering aloag thes in a single-scattering picture

[From ref. 14]

Fig. 3~ (a) Experimental polar scans in two bhigh-symmetry azimuths of the
intensity ratic I(Cls)/I(Ols) for the tilted a; state of CO on Fe(001). The
slectron energies are 1202 oV for C ls and 945 eV for O 1s. (k)
Exparimental sazimuthal scan of € ls intensity at a takecff angle with
respect to the surface of 35°. () The bonding geometry deduced from these
data. (From ref. 21]

Fig. 4~ N 1s core spactra for two polar angles of emission from N, on
Ni(001), showing the two chemically-shifted cosponents N{(bound to Ni) and
N'(bound to only N). The angle § is here measured relative to the surface
pormal. The kioetic energies are about 1086 eV. In the inset at upper
laft, the intensity ratio I(N}/I(N') is plotted as a function of polar
sngle. [From ref. 22}

rig. 5- Azimuthal diffraction curves for Hg, Cd, and Te emission from a Hg;_
xCaxTe surface with (111) orientation. 1Imn (a), full-sysumetry experimental
scans over mors than 120" are comparsed to tha results of single-scattering
calculations for the two possible terminations of the surface: A = cationic
and B = apionic. R-factors have been calculated bestween experiment and
theory also. In (b), the strong nearest-nelghbor forward scattering peaks
that are sxpectsd to bs cversstimated in intensity in single scattering have
besn eliminated, and the curvas rencrmalized to one another ovar the middle

¢ range. [From ref. 23]

FPig. 6- Ng 1s diffraction patterns from Mg deposited on Pd(111l). The
slectrons have been sxcited with Bi Ka x-rays and have a kioetic energy of
437 eV. Note the sarly onset of forward scattering peaks at oaly 0.5 ML
coverage, and the change in symmetry of the pattern from thresfold to
sixfold batween 0.9 and 1.5 ML. [Prom ref. 15(b)]

Pig. 7- Experiment and multiple-scattering theory for scanned-sanergy Cl ls
photoslectron diffraction from (/3x/3)R30° on Ni(111). The kinetic energy
range was 30 to 550 aV. In (a}, & 0.1k or 5% contraction in tha distance

between the first and second Ni layers has heen incorporated, snd in (b),

the distance betwsen thess two layers has besn left at the bulk value.

[Prom ref. 27]

Fig. 8- Experiment and single-scattering theory for azisuthal scanned-angle
x-ray photoslectron diffraction from c(2x2)8 on Ni{(00l). (a) R-factors
suamed over data for takecoff angles of § = 6°, 10", 12°, and 16° and plotted
versus 5 vertical position for various distances d,, betwses the first and
sescond Ni layers. (b) Dirsct comparison of experimental and theorstical
diffraction curves for ths optimum gecmstry of 3 = 1.39 A and d,, = 1.86 k.
Multiple scattering sffects are thoughbt to be responsible for the greater

discrspanciss seen at the lowest takeoff angle of 6°. ([From ref. 28]

rig. 9- Different types of sxperimental results concerning a high~
temperature surface disordering transition on Ge(1l1ll), with a common
reference temparaturs of 1060 K indicated by the vertical dashed line in
each pansl. (a) The intensity of the (11) LEED beam at an 80 eV incident
energy s & function of temperature. The filled squars points represent the
saximum psak height minus background, and the open circles the pesk area,
again minus background., [From ref. 32] (k) The photoelsctron intensity in
a nearest-neighbor forward scattaring peak along a <11,-1> direction for Ge
3p emiasion at about 1364 oV as a function of temperature. The taksoff
angle is # = 19", The intensity is ssasured as & peak height minus

background in an azimuthal scan. [From ref., 31) (c) The number of
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disordered surface layers as determined from photoslaectron diffraction data
at two differeant photoslectron takeoff angles of 19" apd 55' are compared to
anklogous numbars derived from medium energy ion scattering data at three
different energies of 60 kaVv, 100 kaV, and 1783 keV. All values are
normalized to 100 at their high-temperaturs maxima. [From refs. 31 and 34)

Fig. 10- Pull hemisphere diffraction patterns for Ge 3p emission at 1364 oV
from Ge(111l), as projected down onto the k,-ky surface plane. Data ars
showm for three temperatures: (a) rooa temperature, (b) 970K just below the
disordering transition, and (c) 1130K just above this transition., Note the
strong similarity of this data to that in FPig. 2. [From ref. 31}

Fig. 11- (a) Multiplet-split Mo 38 core spectra in an x-ray photoslectron
spectrum from KMnF;, with the L-8 coupling origins of the two paaks and
their predominant spin orientations with respect to the net 3d spin of the
smitting wn2* jon iodicated. (b) The sxperimental tamperature dependance of
the normalised spin-up/spin-down iotensity ratioc of the two sultiplat peaks
in (a) for emission aleng two directions above a xnmrg(llo; surface and at a
lowsr kinetic snergy of about 104 eV. The ratio at a given measurement
temperature "LT" has been norsalized to the ratio at the maximum temperature
of the exparimeant “HT" sccording to the formula in the inset. Note the
sharp changs in this ratio at a temperature that is about 2.7x the long-

range-order transition temperaturs (Neal temperature, Ty): (From ref.
36(a)]

Fig. 13- XI-ray photoslsctren spactra from the valence bands of W(11l0) are
shown as a function of azimuthal apgle for a constant polar angle of 45°
with respect to the surface., All spectra have besn normaliszed to the same
aaximum height for the strongest peak at 2.8 eV, In (a), the temperature is
293 K and about 55% of the transitions are estimated to he direct. 1Ip m,
the temperature is 803 KX, and only about 208 of the transitions should be
direct. [Prom ref. 40]
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Fig. 13- I-ray photoelectron intensities from the valence bands of W(110) asm
spergy-integrated over both of the features seen in Fig. 12 are compared
with the 4f core intensities from the same surface. In (a), the temperature
is 295 K, and in (b) it is 803 K. Normalised ratios of the valancs and core
intensities are also shown in the lower portion of each pansl. [From ref.
40]

Fig. 14- Predicted oscillations with bond distancs in the Fourier-transform
holographic peak amplitudes for a simple three-atom chain of Mo atoms with
one central smitter and two scatterers symmetrically arranged at distances
of +a from the emitter along the x-axzis. Single-scattering calculations are
shown at a fixed wavelsngth of 0.610 & for: (a) sssentially ideal x-ray
scattering, (b) nearly ideal slectron scattering in which only the 1 = @
phase shift has been used, and (¢) full electron scattering. The orders of
interference between the images at +a and -a axpacted on the basis of the

simple equation given in the text are also indicated. {From ref. 50])

Fig. 15- Fourier transform magnitudes from multiple scattering x(k)'s as
calculated along the axis of a 5-atom horizontal Cu chain. An s-wave ¢, LS
assumed as outgoing from the end atom of the chain and the electron energy
is 1000 oV. (&) Ideal weak s-wave scattering and with a hologram opening
angle of 178°. (b) Full elsctron scattering strength and an opening angle
of 178°. () As (b), but with a reduced opening angle of 120°. (d) As (b),
but after scattered-wave corrections by the SWIFT method. (e) Phased
susastion of FT's for 47 ensrgies hetwesn 171.6 aV and 1000 oV, sgain with
opsuing angle of 178°. (f) As (@), but for a phased sum of SWIFT-corrected

transforms. (From ref. 33)

Fig. 16~ Fourier transform contour plots in the x~y surface plans for S 2p
eaission from c(2x2)8 on Ni(0O1l). This plane cuts through all of the s
scatterers. Ouly the right half of the bhologram has been analyzed to
minisiae real/twin overlap, and the SWIPT scattersd-wave correction
procedurs has baen used in (b) and (d). Expsrimental results have besn used
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to derive the images in (a) and (b), and single-scattering theory in (¢) and

(d). (From ref. 57]

Fig. 17~ Bolographic image functions U and (spin-up) - (spin-down)
difference functions & and A' for a cluster of two Mn?' jons consisting of
an smitter and scatterer that are 4.0 K apart. The photoslectron energy is
120 eV for both spin-up and spin-down photoslectrons. (a) Scatterer spin

up. (b) Scatterer spin down. ({From ref. 58}
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Cl1 on Ni(001): Cl 1s emission, [111] direction, 120 K
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Image function: u or A (arb. units)
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