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Abstract

The current status of photoelectron diffraction studies of surfaces, interfaces, and other nanostructures is first
briefly reviewed, and several recent developments and proposals for future areas of application are then
discussed. The use of full-solid-angle diftraction data, together with simultaneous characterization by low energ gy
electron diffraction and scanning tunneling microscopy, to the epitaxial growth of oxides and metals is
considered. Several new avenues that are being opened up by third-generation synchrotron radiation sources are
also discussed. These include site-resolved photoelectron diffraction from surface and interface atoms, the
possibility of time-resolved measurements of surface reactions with chemical-state resolution, and circular
dichroism in photoelectron angular distributions from both non-magnetic and magnetic systems. The addition of
spin to the photoelectron diffraction measurement is also considered as a method for studying short-range
magnetic order. This spin sensitivity can be achieved either through core-level multiplet splittings or by circular-
polarized excitation of spin-orbit-split levels. The direct imaging of short-range atomic structure by both
photoelectron holography and two distinct types of x-ray holography using fluorescence emission is also now
possible. Although much more recent in first experimental demonstration, x-ray holography shows considerable
promise as a new method for studying the atomic structure of various types of nanostructures. Photoelectron
holography with spin resolution also may make it possible to study short-range magnetic order in a holographic
fashion.

1. Introduction polarization which influences the initial

1.1 Photoelectron Diffraction and
Holography

The basic process involved in photoelectron
diffraction is illustrated in Fig. 1. A photon
excites an electron from a core level that is
necessarily well localized in space, and the
outgoing photoelectron wave is scattered from
the atoms neighboring the emitter, producing an
interference pattern. It is the interference of the
unscattered component ¢, with the scattered
components ¢;, (where j = 1, 2, 3, ... and is

summed over a suitably convergent cluster of

atoms) that produces the final diffraction
pattern. Some of the key physical parameters
controlling this process are indicated in the
figure. These parameters are: ¢ = the light

photoelectron excitation matrix element, k =
the electron wave vector or momentum p Ak,
f; ((-)) the electron-atom scattering factor for a
given scattering angle of 6; (describable in first
order via plane-wave scattering but more
accurately via spherical-wave scattering), A, =
the attenuation length controlling the
exponential  damping of the elastic
photoelectron signal due to inelastic scattering,
Uj = the mean-squared atomic vibrational
amplltude involved in the damping of the
diffraction pattern due to vibrational effects (as
included most simply in a Debye-Waller
factor), Vo = the inner potential producing
refraction of the photoelectron in crossing this
surface potential barrier, and Qg = the effective

~334-



hy

77 7 //[ VO

5.
! exp(-L/24A,) /

/

\ Spher g
: exp(iklr=rj})
N\ Wave p{one/ f;(9i)p—__—‘— /Cluster
N SW)  wave -t " Limit
exp (ik) (PW) _ e
r explik-r) -

. . S— —_— e T, . .
€ = polarization vector A= inelastic attenuation length

X = observed e~ wave vector
©K= matrix element (s emission)
8 = observation angle
T = position of j" scatterer
6; = scattering angle
6= 16,6l exp v, (6))
= scattering factor

Fig. 1

L = total path length below surface
V, = inner potential

T2 .
Uj= mean squared atomic
displacement

W, = Debye-Waller factor
exp [-AK U] ]

Q,= analyzer solid angle

[lustration of the basic photoelectron ditfraction process, with various key physical quantities

necessary for theoretically modeling such phenomena labelled and defined.

analyzer acceptance solid over which the
diffraction pattern is averaged in the actual
experiment. All of these aspects will be
included in the theoretical calculations
presented here.

Beginning with the first experiments and
theoretical ~ simulations of photoelectron
diffraction [1], strong intensity modulations in
intensity of as much as 50% have been
observed as a function of either the direction of
electron emission or the energy of excitation,
leading to what have been termed scanned-
angle or scanned-energy  measurements,
respectively. The aim of these measurements is
to deduce information about the atomic
structure around a given type of emitter, or
perhaps also the type of magnetic order
surrounding such an emitter. There are by now
a number of groups in the world engaged in
such experiments, using both laboratory x-ray
sources and synchrotron radiation (SR), and a
variety of systems have been studied to date
with this technique, including adsorbed atoms
and molecules, systems exhibiting surface core-
level shifts, epitaxial overlayers, surface
structural and magnetic phase transitions, and
atoms at buried interfaces. Several reviews of

this field have appeared in recent years [2-7],
and it will thus not be our aim to survey it in
detail. Rather, we will begin by briefly
describing those basic characteristics that make
PD an attractive structural probe, consider
some of its limitations and difficulties, and then
go on to concentrate on several more recent
developments involving both laboratory x-ray
sources and next-generation SR sources that
promise to make it an even more widely used
tool for surface, interface, and nanostructure
studies in the future.

We begin with the positive aspects of PD,
several of which will be illustrated with more
specific examples in the following sections:

1.1.1 Atom Specificity

PD is an atom-specific probe by virtue of the
fact that a certain core level is probed. Thus, the
structure around each type of atom in the
sample can be probed separately.

1.1.2 Chemical-state or Site Specificity

With sufficient resolution, core binding energy
shifts with chemical state (e.g., the different
oxidation states of a given atom) or binding site
(e.g, between the bulk and surface of a metal or
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semiconductor) can be used to study the atomic
structure around each type of atom separately

[8].

1.1.3  Spin-specificity

Although not nearly as much explored, the
diffraction patterns of photoelectrons of
different spins can also be studied separately,
yielding the promise of determining the local
magnetic order around both magnetic atoms
and non-magnetic atoms surrounded by
magnetic atoms. Such spin sensitivity can be
achieved by using the multiplet splittings
inherent in the core spectra of various transition
metals or rare-earth elements, by exciting spin-
orbit-split core levels with circular-polarized
radiation, or by some unavoidable combination
of these two effects [2,9]. This leads to what
has been termed spin polarized photoelectron
diffraction (SPPD). [9].

1.1.4  Variation of Light Polarization
Beyond using circular light polarization to
produce spin polarization, varying polarization
from linear (LP) to left or right circular (LCP or
RCP, respecively) and/or to unpolarized (UP)
further permits selectively directing the
outgoing photoelectron probe wave into
different regions of the atomic structure
surrounding the emitter, so that complementary
structural information can be obtained for
different relative orientations of light and
sample [2,4].

1.1.5  Variation of Excitation Energy

PD makes use of the ability to vary the
excitation energy (and thus also the
photoelectron kinetic energy) in several ways.
At higher kinetic energies of >500 eV, the
magnitude of the electron-atom scattering
factor [fj(6;)| is highly peaked in the forward
direction, producing pronounced peaks in
diffraction patterns along e.g. bond directions
in adsorbed molecules and low-index directions
in epitaxial layers [2,3,5]. For lower energies of
<300 eV, the scattering factor is more uniform
over all directions, and often has a strong peak
in the backward direction; thus, the locations of
atoms behind the emitter as viewed from the
detector can be studied [2,4,6], although their
bond directions cannot be as directly
determined as in forward scattering. Being able
to vary energy between these two limits using
synchrotron radiation thus permits studying the
full structural environment of a given emitter.

Going to lower energies in the 50-100 eV range
further leads to increased sensitivity to the
surface, as this is where most materials possess
a minimum in the inelastic attenuation length
A, for electrons. Also, the 50-100 eV range is
one in which magnetic scattering effects,
particularly due to the exchange interaction are
strongest; thus, such energies are those of
relevance in SPPD measurements [9]. The
energy dependence of the photoelectron de
Broglie wavelength is of course also what leads
to the modulations measured in scanned-energy
photoelectron diffraction. And finally, being
able to tune the photoelectron energy to
maxima or minima in the various photoelectric
cross sections is a useful possibility in SR
studies.

1.1.6 Simple First-order Theoretical
Interpretation

In a number of studies to date, it has proven
possible to derive useful surface structural
information by comparing experimental data to
the results of rather straightforward single-
scattering (SS or kinematical) theoretical
calculations [2,3(a)]. However, it is also by now
clear that a fully quantitative treatment of all of
the features in both low-energy and high-energy
diffraction patterns will require more
sophisticated calculations at a fully-converged
multiple scattering (MS) level, and several
approaches have been applied to this [10].
These calculations have many similarities to
those used in low energy electron diffraction
(LEED) analyses . We will below illustrate both
types of theoretical analysis.

1.1.7 Short-range Order Sensitivity

The nature of the photoelectron emission
process (into an outgoing spherical wave which
decays as 1/r) and the inelastic scattering
process (with very short attenuation lengths)
can be shown to make PD a probe of short-
range atomic or magnetic structure, with
primary sensitivity to the first 5 or so spheres of
neighbors around a given emitting site, or
within a sphere of maximum radius ~20A [2,4].
This can be of advantage in studying
nanostructures which do not exhibit long-range
order over a surface. LEED by comparison is
generally used to probe longer-range order over
perhaps 50-100A, although spot profile analysis
can now be used to derive shorter-range
information.
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1.1.8 Direct Derivation of Structural
Parameters and Photoelectron
Holography

A final advantage is that there are several ways

in which it is possible to directly derive

structural parameters from PD data with a

minimum recourse to theoretical modeling. We

have already noted that forward scattering
peaks directly give bond or low-index
directions {2,3,5]. Beyond this, Fourier
transforms of scanned-energy PD data yield
path-length differences for different scatterers
that can often be used to rule out some
adsorbate geometries in a search for the true
structure {2,4,6(b),11]. Finally, holographic
transforms of larger data sets that involve
varying both energy and angle over some
volume in the momentum space or k space of
the photoelectron can be used to directly derive

atomic positions in three dimensions [12-20].

This was first suggested by Szoke [12(a)]. The

process is illustrated in Fig. 2(b), in which the

unscattered component ¢o is now identified
with the holographic reference wave and the
scattered components ¢, ¢2, ¢3 ... with the
object or subject waves. Various methodologies
for holographic inversions have recently been
compared, and general criteria for optimizing
the taking of such holographic data so as to
minimize measuring times and realize the most
accurate atomic images are also discussed

[15(e)-(2)]-

By contrast, some difficulties and limitations of

PD are:

1.1.9 More Complex Instrumentation
Relative to a standard laboratory x-ray
photoelectron spectroscopy (XPS) system, a
more  precise, computer-driven  sample
manipulator is required. However, adequate
manipulators are now available from various
commercial sources. If high angular resolution
is desired, special electron optics or tube-array
collimators may also be necessary [21]. For the
most versatile and powerful experiments with
variable energy and/or variable polarization,
access to a synchrotron radiation beamline is
also necessary.

1.1.10 Longer Measuring Times

Measuring hundreds or perhaps even a few
thousand separate core spectra to produce a
single angle or energy scan or a more complex
scan over both angle and energy that can be
used in a holographic sense [12-20] can be very

time consuming, and may take between hours
and days with most present systems. However,
state-of-the-art laboratory XPS systems and
next-generation synchrotron radiation
beamlines, coupled with appropriately high-
throughput  spectrometers and  detectors,
promise to reduce these times to the minutes to
hours range. Such instrumentation should also
permit a broader range of dynamical studies on
surfaces. We discuss below one such
experimental system at the Advanced Light
Source in Berkeley, and some time-resolved
surface kinetics measurements that have been
performed with it.

1.1.11 Macroscopic Domain Averaging

As presently carried out, PD data is taken from
the full area illuminated by the radiation, which
is typically of the order of 1mm?* to 10mm?’.
Thus, many domains are averaged over, and
structural conclusions can be confused by the
resulting overlap of diffraction patterns from
different site types. Various kinds of
photoelectron microscopy are currently being
tested at different synchrotron radiation sources
around the world, as reviewed recently
elsewhere [22]. These developments may
ultimately permit doing PD on areas as small as
a few hundred A in radius, thus focussing on a
single domain or nanostructure on the surface.
This last prospect is to be sure a tour de force
experiment for third-generation (or even fourth-
generation) synchrotron radiation sources, but
realizing it would be exciting indeed, as a
further--and final-- space dimension could then
be accessed.

1.1.12 More Complex Multiple-scattering
Theoretical Interpretation

We have already noted above that data can
often be analyzed to a useful point within a
single-scattering framework, but future studies
will no doubt make more use of the more
quantitative multiple-scattering model.
However, a number of groups by now have
multiple scattering programs operating [10],
and these will no doubt become faster, more
accurate, and more user friendly, as they have
in the LEED community. We illustrate the need
for this more accurate modeling in specific
cases discussed below.

In what follows, we will present a few recent
examples of PD data and its theoretical
interpretation, and also  consider the
development of next-generation
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instrumentation for such measurements These
examples are chosen primarily from the work
of our group, but we believe that they are
illustrative of both some current forefronts of
PD studies and some of the more exciting
future directions in this field.

1.2 X-Ray Fluorescence Holography

We will also consider a much more newly
developed technique for directly determining
atomic structures, but one which is a very close
relative  of  the  previously-mentioned

photoelectron  holography  (PH):  x-ray
holography (XH) [23,24]. In PH, the
photoelectric  effect creates an outgoing

photoelectron wave from a given atomic center.
As noted previously, the unscattered component
of this wave is treated as a reference wave
which interferes with the scattered components,
with the latter being treated as the object or
subject waves in a standard holographic
exposure (cf. Fig. 2(b)). In the first method of
doing XH, the deexcitation of a core hole in a
given atom creates an outgoing fluorescent x-
ray, with the unscattered and scattered
components of this wave again serving as
reference and subject in a holographic
exposure. This also is shown in Fig. 2(b), and it
has been termed x-ray flourescence holography
(XFH), with a second method called multi-
energy Xx-ray holography (MEXH) to be
introduced later. Because x-rays scatter much
more ideally from atoms than electrons (i.e.,
much more weakly and isotropically, and with
negligible scattering phase shifts \;), one
expects either way of doing XH to yield more
accurate holographic images than those from
PH. However, the intensity modulations in an
x-ray hologram are also expected to be much
weaker (by a factor of ~10‘3—10‘4), so that such
experiments will be inherently more difficult to
perform. The much greater penetration depths
of x-rays in matter also means that XH can be
used to probe nanostructures quite far below a
surface, with surface or interface specific
studies being possible only if a certain atomic
type is present only in the region to be studied.
XH thus shares some of the advantages of
PD/PH : atom specificity, variation of exciting
light polarization, an even simpler kinematical
theoretical interpretation, short-range order
sensitivity, and direct derivation of three-
dimensional atomic structures. And it also
shares some of the disadvantages: complex
instrumentation, even longer measuring times,

and macroscopic domain averaging unless
some form of lateral microscopic focusing can
be developed in the future. Nonetheless, the
exciting promise of XH as a complement to the
well-developed  x-ray  diffraction  (XRD)
methods for studies of atomic structure (cf. Fig.
2(a)) has led to a few pioneering measurements
of this type that we will briefly overview below.

(a) x-Ray Ditfraction (XRD)
diffraction
ts

incident

X-ray y‘
1 "'\

(b) Photoelectron Holography (PH),
X-ray Fluorescence Holography (XFH)

hologram

relerence

wave =0,;5

excitation x-ray,
2, photoelectrons or
fluorescent x-rays

emitter

(c) Muttiple Energy X-ray Holography (MEXH)
stationary ST

&
detector seference 0‘9’@%
A waw;=\0, ¥

fluorescent
x-ray

emitter
= scattered

{object) waves

Schematic illustration of some methods for
determining atomic structure. (a)
Conventional x-ray diffraction from a crystal,
in which the incident wavefront ¢, does not
usually contribute to the diffracted intensity
spots . (b) Localized-source holography in
which a certain atom emits either a core
photoelectron, yielding photoelectron
holography (PH) or a fluorescent x-ray,
yielding x-ray fluorescence holography
(XFH). (c) A second type of x-ray holography
in which the incident x-ray scatters from near-
nrighbor atoms to create an interference at a
certain emitter of fluorescent x-rays. This is
the time-reversed version of XFH in (b).

Fig. 2
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2. Full-solid-angle Photoelectron
Diffraction Data
Although the first full-solid-angle
photoelectron diffraction pattern was measured
some time ago [25(a)], it is only in recent years
that these time-consuming experiments have
been performed on a more routine basis,
beginning particularly in the Osterwalder group
[7, 25(b),(c)]. We here illustrate the utility of
this kind of data in two recent studies of
epitaxial growth: iron oxide on Pt(111) [26] and
Cu on Ru(0001) [27]. In the iron oxide work,
another noteworthy element was added in that
x-ray  photoelectron  diffraction  (XPD)
measurements in a laboratory-based system
were combined with in situ characterization by
both LEED and scanning tunneling microscopy
(STM), such that the complementary nature of
these surface structure probes could be
exploited simultaneously [26(b)].
Some data for a 1 monolayer (ML) overlayer of
FeO on Pt(111) are shown in Fig. 3, where a
LEED pattern, STM image, and full-solid-angle
XPD patterns from all three atoms present (Pt,
Fe, and O) as excited by Al Ka radiation (1,487
eV) are compared for the same surface
preparation. The LEED pattern shows the basic
Pt(111) spots, but with a rosette of
superstructure spots around each one indicative
of some longer range order. This longer range
order can in turn be directly imaged by STM
[26(a)], and it consists of a hexagonal unit cell
of approximately 26Ax26A superimposed on
the atomic-resolution hexagonal oxide unit cell
of 3.1Ax3.1A. Such combined LEED and STM
data led Galloway et al. {26(a)] to propose a
particular superstructure or lateral Moiré
pattern consisting of a hexagonal-symmetry
bilayer of FeO(111) composed of a layer of Fe
atoms on top of (or possibly below), a layer of
O atoms. But this model left several questions
about this overlayer unanswered. Among these
questions were: Which atomic layer is
outermost, Fe or O? What is the interplanar
distance between Fe and O? Is there a preferred
relative orientation of the FeO bilayer in its
growth with respect to the underlying Pt?
The XPD results in Fig. 3(c) serve to answer all
three of these questions. The Pt 4f diffraction
pattern is dominated by scattering in the
substrate crystal, and so does not contain any
easily-derivable information conceming the
structure of the overlayer. It does however
provide a direct internal reference in the data
for the orientation of the overlayer, with the [11

2] direction lying in the Pt(111) surface
indicated on the figure. The Fe 2p diffraction
pattern contains three strong peaks with some
fine structure around them, immediately
suggesting that there are forward scattering
atoms between Fe and the detector. Thus, O
immediately appears to be the outermost layer.
Finally, the O 1s pattern is devoid of any
significant  diffraction  features, further
confirming that it is the outermost layer. The
second question as to interlayer spacing is also
easily answered by measuring the polar angle of
20° at which the Fe-O forward scattering peaks
occur, and combining this with the lateral unit-
cell dimensions of the FeO overlayer as derived
from LEED and/or STM. Simple trigonometry
then yields an interplanar distance of onl

0.65A that is much contracted from the 1.25:

between (111) planes in bulk FeO. This
distance can be further checked by carrying out
single-scattering diffraction calculations for this
overlayer, with single-scattering being an
excellent approximation for this situation in
which there are no chains of forward scattering
atoms {2]. Comparing such calculations with
experiment via R-factors (as done also in LEED
structural analyses) finally yields the most
accurate interplanar distance of 0.68A that is
very close to the simple estimate based on the

forward scattering direction. Theoretical
calculations for both 0.68A and 1.25A
interplanar  spacings are compared to

experiment in Fig. 4. The agreement between
experiment and the calculation for 0.68A is
excellent, including even the weak diffraction
features around the forward scattering peaks.
For a 1.25A spacing, agreement is poor, both as
to the polar angle position of the forward
scattering peaks and the weaker features.
Finally, the fact that there are only three
forward scattering peaks in the Fe diffraction
pattern immediately implies that only one
orientation of the hexagonal O overlayer with
respect to the underlying Pt surface exists, even
though two O overlayer orientations rotated by
180° with respect to one another are equally
likely as far as the Fe layer is concerned. Thus,
there is an O-Pt interaction through the Fe layer
that is strong enough to select only one
orientation of the O overlayer, in fact, this
interaction must involve second-layer Pt atoms.
Thus, XPD can be used to determine a final
subtle aspect of the growth process that would
be difficult to arrive at with other methods.

This is thus an illustrative example of both how
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useful full-solid-angle diffraction patterns can
be (see also refs. 7 and 25 for other examples,
including a very recent application to Ceg
[25(c)]) and how important it is to have
additional complementary structural probes in
the same experimental chamber, with LEED
and STM being two particularly useful ones.

A second example of epitaxy recently studied
using data from these combined techniques is
CwRu(0001), a system that at one level
exhibits classic Stranski-Krastanov growth, but
which on closer examination with STM by
Giinther et al. [27(a)] and with subsequent
theoretical analysis by Hamilton and Foiles
[27(b)] shows four stages of growth from a

pseudomorphic first layer through various types

of lateral contraction until finally reaching
Cu(111) islands with essentially bulk Cu
structure. Ruebush, Couch et al. [27c)] have

(a) Low energy electron dit'frac(im_l

{b) Scanning tunneling microscopy

= niit

58A x S8A

Fig. 3

-i —'Illjl

measured full-solid-angle XPD from both Cu
and Ru for this system, and analyzed these
results together with the STM images obtained
by Giinther et al. [27(a)]. Some of their
experimental data for 1, 2, 3 and 4 ML Cu
coverages are shown in Fig. S together with
theoretical calculations based upon both single-
scattering cluster (SSC) and multiple-scattering
cluster (MSC) methods. In general, MSC theory
better describes these data, for example, as to
the sharpness of the two sets of sixfold rings
seen for 1 ML, and the relative intensities of the
most intense forward scattering peaks for 4
ML. However, as noted before [2], SSC theory
still predicts most of the major features.
Comparing these XPD data with theory via R-
factors has furthermore permitted determining
the average interlayer spacing of the Cu
overlayers as a function of overlayer thickness,

{¢) Photoclectron diffraction

Pr4f, 1414 eV

theta

Fe2p, 778 eV
93 758

15 4% 75 75 45 15
theta

O 1s, 944 eV

16 4b 15 75 4% 15
thera

LEED, STM, and XPD data for 1 monolayer (ML) of FeO on Pt(111). The full-solid-angle XPD

patterns for Pt 4f, Fe 2p, and O 1s emission are shown. [From ref. 26(b).]

~340 -



Journal of Surtace Analysis, Vol. 3, No. 2, (1997), C. S. Fadley, Surtace, Interface, and Nanostructure Characterization with

(a) Fe Chi -- Expt

Fig. 4

The full-solid-angle Fe 2p XPD pattern for 1 ML of FeO on Pt(111): (a) experimental data, (b)

single scattering theory with an Fe-O interplanar distance of 0.68 A, (¢) single-scattering theory

with an Fe-O interplanar distance of 1.25

as in bulk FeO.

[From ref. 26(b).]

X-ray Photoelectron Diffraction
Cu/Ru(0001)

Expt.

Fig. S

X-ray photoelectron diffraction from Cu on Ru(0001), for coverages of Cu from 1 to 4 ML.

Also shown are the results of multiple scattering cluster (MSC) and single scattering cluster

(SSC) calculations. [From ref. 27(c).]

with the interesting result that significant
contraction is found to persist even up to 5-8
ML coverages. A simple theoretical picture
based on the Frenkel-Kontorova model [27(b)]
on the other hand predicts a much quicker
convergence to the bulk interlayer spacing than
is seen in experiment [27(c)]. Accurately

knowing such interlayer spacings is clearly
important for an understanding of both the
chemical reactivity and magnetic properties of
such epitaxial metal overlayers, and full-solid-
angle XPD can play a very useful role in such
studies.
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3. Phetoelectron Diffraction Studies with
Third Generation Synchrotron
Radiation

There are at present several “third-generation”

synchrotron radiation facilities either already

operating or under construction, and these
sources of very bright vacuum ultraviolet and
soft x-ray radiation in roughly the 30-2000 eV
range will permit a number of exciting new
directions to be explored in both photoelectron
diffraction and photoelectron holography. We
ilustrate some of these possibilities with data
obtained by our group at the Advanced Light

Source (ALS) in Berkeley, using a new high-

resolution spectrometer/diffractometer that has

recently been built for use there.

3.1 A NEXT-GENERATION
PHOTOELECTRON
SPECTROMETER/DIFFRACTOME
TER

In Fig. 6, we show a schematic view of a

photoelectron spectrometer that has been

configured for high-resolution, high-intensity
photoelectron spectroscopy, diffraction, and
holography measurements, and installed on
bending magnet Beamline 9.3.2 at the
Advanced Light Source in Berkeley [2(f)]. Fig.

7 shows a photograph of the system, with major
components labelled. The electron energy
analyzer is a tuneable-resolution large-diameter
hemispherical electrostatic system (Scienta
ES200) that has been incorporated into a
chamber which can rotate over 60 degrees in
the plane of the electron storage ring. This
rotation is made possible by a large-diameter
bellows linking the chamber to the beamline, as
shown in these figures. Such in-plane analyzer
rotation, although common for much smaller
analyzers mounted inside the vacuum system.
has not been attempted before in such an ex situ
mounting, and it permits selectively probing the
fundamental photoelectron excitation cross
section, keeping the photon-sample geometry
fixed while measuring intensities over a large
fraction of the 27 solid angle above the surface,
and keeping the photoelectron-sample geometry
fixed by scanning the analyzer synchronously
with the sample polar-angle motion while
measuring intensities as a function of light
incidence direction. This analyzer is presently
equipped with a single mulitichannel detector
capable of an integrated count rate of about 100
kHz, but it will in the near future be modified
so as to include a much higher speed
multichannel detector operating up to the GHz

ADVANCED PHOTOELECTRON SPECTROMETER/
DIFFRACTOMETER

VARIABLE-POLARIZATION :
SYNCHROTRON RADIATION : #1
{36-1500 oV)

~t

/1.2 1.5 ke
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Fig. 6

Schematic drawing of the advanced photoelectron spectrometer/diffractometer (APSD)
presently situated on beamline 9.3.2 of the Advanced Light Source.

The rotation of the main

chamber, including electron analyzer, and the range of photon-electron geometries possible are

also indicated.
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Fig. 7

range, as well as an alternative spin detector of
the so-called microMott type that will be
interchangeable in situ. The spherical grating

monochromator in this beamline, together with
the Scienta analyzer , are capable of operating
at overall kinetic energy resolutions of
AE/Eyin~1:10°. The analyzer is also equipped
with a demountable collimator at its entry to

Paph_of the APSD system in Fig. 6.

| Saplé prep.
LEEDISMOKE!STM

4 ADVANCED PHOTOELECTRON !
.Y SPECTROMETER/DIFFRACTOMETER |
ALS Beamline 9.3.2

limit both the solid angle of acceptance to +1.5°
for high angular resolution studies and the area
of the sample surface seen by the analyzer. The
9.3.2 Beamline optics also permit taking
radiation both above and below the plane of the
electron orbit, thus obtaining a high degree of
left or right circular polarization, as well as
linear polarization with in-plane operation. We
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discuss below the use of this capability in
measuring  circular dichroism effects in
photoelectron angular distributions (CDAD).
We now brietly consider some first results
obtained with this instrumentation.

3.2 Full-solid-angle Photoelectron
Diffraction from Surface and Bulk
Atoms of a Clean Surface

In Fig. 8(a), we show the geometry for an

experiment in which the surface and bulk W 4f

peaks from a clean W(110) surface have been
measured with this system. It is well known
that the clean (110) surface exhibits a surface

component shifted to lower binding energy by .

320 meV [8(a), 28], and this is cleanly resolved
in the spectrum of Fig. 8(b). The 120 meV full
width at half maximum (FWHM) for the bulk
peak is slightly narrower than anything
measured before [28(a)], and is essentially
limited by the various sources of natural
linewidth for this level. PD has been measured
before for this case [28(b)], but this work
involved only a tew scans in azimuthal angle or
in energy. The high rate of data acquisition
possible with this new system (a spectrum like
that in Fig. 8(b) can be obtained in 20 sec or
less) has now permitted measuring essentially
the full solid angle of data for both the bulk and
surface peaks, as shown in Figs. 9(a) and 9(b),
respectively [29]. The photoelectron energies
here are also in the very surface sensitive 39-40
eV range. Thus, it will be possible in the future
to obtain much more complete state-specific
photoelectron diffraction information, and we
discuss the holographic use of such data below.
One immediate benefit of such data sets is the
possibility of making more rigorous tests of the

wiL0] Photo e~

O W Surface
@ W Bulk

" W[001]

Fig. 8

multiple scattering theory that is now being
used by several groups to analyze PD data. In
particular, multiple-scattering and  single-
scattering calculations have been carried out to
simulate these diffraction patterns [29], using
programs developed by Kaduwela et al. [10(€)]
and by Wu, Chen et al. [10(g)] and based on the
convenient Rehr-Albers approximation for
treating multiple scattering [10(d)]. These
calculations have been carried out for a range of
interlayer spacings between the surface W layer
and the second layer below, with R-factors once
more being used to determine the best estimate
of the structure. Experiment and theory for the
optimized distance are compared in Figs. 9(a)-
(d), and the resultant R-factor curve from the
more structure sensitive analysis of the surface-
atom data presented in Fig. 9(e). There is
excellent agreement between experiment and
theory for the surface-atom diffraction pattern
and reasonable agreement for the more
complex bulk case, which involves emitters in
various layers below the surface. The overall
conclusion based on the surface diffraction
pattern is that the surface W layer relaxes
outward from the bulk position by 0.10+0.05A,
corresponding to a very small change of 4.4%
of the bulk interlayer spacing. These results
furthermore agree in general with prior studies
of this surface by PD and LEED [28 and refs.
therein]. Corresponding SSC calculations based
on the same input parameters show similar
diffraction features, but are not found to
describe the data as well as the MSC results
shown in Fig. 9. Thus, MS effects will
definitely need to be included for a quantitative
description of such low-energy data.

b) W df., Spectrum
40000
35000 320
0 =459 meV,
E‘ 30000 - $ along WIC01)
g 25000 - Surface
" 20000 Bulk
T 15000 - =
= F‘?ga%ev 1= 20 sec
10000 -
5000
- —~h
1 T
] 4
K.E. (eV) 0

(@) Schematic of the experimental geometry used to study clean W(110), showing the two types

of W atom sites studied. (b) A high-resolution W 4fy, spectrum from W(110), showing the
surface and bulk components. [From ref. 29.]
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Fig. 9

Full-solid-angle W4f7/2 photoelectron diffraction patterns: (a) bulk-resolved experiment, (b)

surface-resolved experiment, (c) bulk theory for the optimum interlayer distance, (d) surface
theory for the optimum interlayer distance, and (e) R-factor comparison between experiment
and multiple-scattering theory for the surface-atom W 4f;, photoelectron diffraction pattern of
Fig. 9(b). The curve represents a normalized sum of five R-factors.. The horizontal line
corresponds to an R-factor for calculations in which no bulk scatterers were present [From ref.

29.]

3.3 Photoelectron Diffraction From
Interface Atoms

Determining the detailed structure of interfaces,
e.g. between an epitaxial overlayer and the
substrate on which it is grown, is clearly one of
the most important current surface-structure
problems. It is also a difficult problem to solve,
because most surface structure probes either
cannot uniquely resolve interface atoms from
their neighbors or cannot probe very deeply
below the surface. PD with high energy
resolution has been shown capable of studying
interface atoms that are at least a few atomic
layers below the surface [8(b),(d),(e)], and
future experimental capabilities promise to
expand this application dramatically.

As one illustration of what is possible, we show
in Fig. 10 photoelectron spectra obtained with

the same experimental system at the ALS for
the case of 1 ML of Fe and 1 ML of Gd
deposited on W(110) [30]. The first monolayer
of Fe is known to grow in a (1x1) structure on
W(110), with presumably a single unique
bonding site for every Fe atom [31]. On the
other hand, it has been shown by Tober et al
[32] in a combined STM and LEED study that
the first monolayer of Gd forms a lateral
superstructure or Moiré pattern with (7x14)
periodicity in which a hexagonal Gd(0001)
layer is formed on the surface with relatively
little lattice constant change relative to bulk Gd.
However, this layer is only weakly bound to the
underlying W, and many types of Gd/W
bonding sites are involved over the (7x14) unit
cell. Fig. 10 compares W 4f;, photoelectron
spectra from the clean surface in (a) with those
from Fe/W in (b) and Gd/W in (¢). The W
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atoms at the Fe/W and Gd/W interfaces are
clearly resolved from those in the bulk. For
Fe/W, the second-layer W atoms are even
displaced from the bulk due to their strong
interaction with the Fe [31]. Thus, it has been
possible to measure separate PD patterns for
the

bulk and interface W atoms in these systems,
and for Fe/W also for the second-layer W
atoms, and to use these to directly probe the
metal-metal interface structure [30]. Some of
these data for Fe/W are shown in Fig. 11.
Because there are many scattering geometries
between either an interface W atom or a bulk
W atom and the overlying Gd atoms, we find
that the interface Gd/W diffraction patterns are
very much like the clean-surface diffraction
patterns, and that the two bulk curves are also
very similar [30]. Thus, The Gd scattering here
overall acts to simply produce a nearly uniform

W 4f7/, 320 meV- B =45°
hv=71eV = $=90°
Surface Bulk
(a) Clean
w(l10)
. 145 meV 2_0 meV
] i
= Interface T 2nd Layer
i Bulk
g |® (x)
E Fe/W(110)
Interface F390meV
(C) ulk
(7x14)
Gd/W(110)
0+ T T
30.5 31.0 31.5
Ep (eV)

Fig. 10 W 4fy, photoelectron spectra taken with a
photon energy of 71 eV from (a) the clean
W(110) surface, (b) ~1 ML of Fe in a (Ix1)
overlayer on W(110), and (c) ~1 ML of Gd in
a (7x14) Moiré superstructure on W(110).
[From ref. 30.]

background of intensity underneath the
dominant pattern associated with W-atom
scattering. But for the Fe/Gd case, the interface-
atom diffraction is much different from the

(a)

(b)

5()

(©

15 45 90 45 15
0(°)
Full-solid-angle W  4f;,  photoelectron
diffraction patterns for the (1x1) Fe/W(110)
system taken from (a) experimental data for
the —235 meV-shifted W interface peak, (b)
theoretical multiple scattering calculations for
the (1x1) Fe/W(110) interface with -an
optimized pseudo-threefold hollow adsorption
site for the Fe, and (c) experimental data for
the -90 meV-shifted W 2nd-layer peak. The
photoelectron kinetic energy outside the
surface was Ey;, = ~40 eV in all cases. The
data shown span takeoff angles relative to the
surface from 12° to 90°(normal emission), and
the W(100) azimuth is toward the top of the
page in each of these stereographic

projections. [From ref. 30.]

Fig. 11
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clean surface diffraction (compare Fig. 11(a)
with  Fig. 9(b)) Thus, for this case,
comparisons of experiment with theory for
different Fe bonding geometries via R-factors
has permitted determining the bonding site (a
twofold bridge site which corresponds to
continuing the W crystal) and the Fe-W
interlayer distance (2.17 A). Future applications
of high-resolution interface PD to mectal-metal,
metal-semiconductor, and oxide semiconductor
overlayer growth are therefore very promising.

3.4 Time-dependent Measurements

We now consider the possibility of time-
resolved measurements of surface reaction
kinetics and atomic structure. To illustrate this,
an initially clean W(110) surface was exposed
to a constant O, pressure of 3x10™ torr (ridin%
on a base pressure in the system of 2x107"
torr) and its reaction with oxygen monitored
over 70 min. by taking many photoelectron
spectra in rapid succession. We show in Figs.
12(a)-(c) three W 4f;, spectra from W(110)
that were taken at the beginning, middle, and
end of this rapid accumulation of over 180
spectra. Each spectrum was obtained in only
about 20 sec, and this provides some idea as to
how rapidly it should be possible to accumulate
PD data in parallel to such time-resolved
spectra in the future. Four distinct states of W
are seen in these spectra (as described below).
The quantitative time evolution of these states
is shown in Fig. 12(d), where intensities have
been derived by fitting appropriate peak shapes
to each spectrum of the series. The clean-
surface peak decays to zero intensity over about
the first 20 min. and comcomitant with this, the
bulk peak actually grows in intensity over about
the first 10 min. Simultaneously, a peak due to
W atoms in interaction with chemisorbed
oxygen begins to grow in at about 0.35 eV
higher binding energy than the bulk peak,
reaching its maximum intensity after about 30
min. Finally, a peak due to W atoms more
strongly bound to oxygen in an incipient-oxide
like state begins to grow in just as the
chemisorbed species reaches its maximum
intensity. These data thus clearly indicate a
strong interrelationship of these states via the
kinetic mechanisms that are operative for this
oxidation reaction, and further analysis of these
results in this context is now underway.
However, these data already illustrate the
considerable potential for future studies of
nanostructure growth kinetics in  which

intensities are measured at several key energies
or directions as a function of time, thus yielding
also  time-resolved PD.  With  further
optimization of the bend-magnet beamline and
end station on which these data were obtained,
and/or making the same type of measurement
on a more intense third-generation undulator
beamline, we estimate that it should be possible
to improve these data acquisition speeds by at
least one order of magnitude, and probably two,
so that individual spectra could be obtained in
~107'-107% seconds.

4. Circular Dichroism in Photoelectron
Diffraction

‘4.1 Non-magnetic Systems

Circular dichroism represents another aspect of
photoelectron "diffraction that can be explored
with synchrotron radiation, and we here briefly
discuss its essentials, with more detailed
accounts appearing elsewhere [33-37]. Circular
dichroism in photoelectron angular
distributions (often termed CDAD) was first
observed for emission from a core-level for the
case of an adsorbed molecule on a surface (C 1s
emission from CO/Pd(111)) by Schénhense and
co-workers  [33]. This  dichroism, or
difference between the intensities with left and
right circular-polarized light (18" and 17,
respectively), is most conveniently measured
via a normalized asxmmetry that is defined as:
Acoap = [IF (k) - I""(R)] / 1%l + 1" (R,
where k is the direction of electron emission.
Changes in this asymmetry with direction by as
much as x75% were observed for CO/Pd.
These measurements thus made it clear that
even a non-chiral molecule can exhibit circular
dichroism when it is fixed to a surface,
provided that a certain geometrical condition is
satisfied between the rAnolecular axis n, the light
incidence direction ¢, and in particular
Acpap can be non-zero whenever these three
vectors are not co-planar. Such data were first
interpreted using quantum-chemical theoretical
methods for the isolated adsorbate molecule
[34(a)]. However, the chirality must be
associated with the final-state photoelectron
wave function, since the initial core state is
spherically symmetric. This suggests using a
photoelectron diffraction point of view to
interpret such results, as has been done more
recently [34(b)]. In this picture, all information
on the chirality is carried in the geometry of the
light incidence, the locations of all scatterers
around the emitter, and the direction of electron
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emission. This approach thus permits easily
including contributions to the dichroism from
atoms in the substrate. PD calculations were in
fact found to correctly predict the effects seen
for CO/PA(111) [34(b)].

More generally, it has now been realized that
the emission from any core level in a single
crystal specimen can exhibit non-zero CDAD
effects, provided that the plane containing q
and k does not also coincide with a plane of
mirror symmetry perpendicular to the surface
[35,36]. In particular, intensity distribution
measurements for Si 2s and 2p emission from a
Si(001) surface in a geometry with the light
incident along the normal have shown that
there are not only very strong CDAD effects of
as high as ~+20%, but that the observed
diffraction patterns exhibit what can in first
approximation be qualitatively described as
peak  “rotations” across mirror planes
perpendicular to the surface. Daimon et al. [35]
have discussed a simple physical model for
understanding why individual features appear
to rotate one way in azimuth with one
polarization and the other way with the other
polarization. This model considers the transfer
of the z-component of angular momentum from
the radiation to the outgoing photoelectron

Time = 0 min. Time = 38 min.
12000 1 Wb, 8000 Wih,

.8- Bulk —a—m Buk
= 8000 + =

g Surface §“m _E Chemi. O
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Z 000 mav £
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wave. In addition, more quantitative multiple
scattering PD calculations have been shown to
well predict these alterations in diffraction
patterns with a change in polarization [36].

More recent data obtained at the ALS contfirm
the generality of such peak rotations, but also
more quantitatively show that additional peak
distortions beyond a simple rotation can occur
in changing from LCP to RCP [37]. The case
studied was a 1 ML coverage of oxygen on
W(110) in the incipient oxide overlayer
associated with the +730 meV peak in Fig.
12(c), and prepared in a manner described
previously [38]. The experimental geometry
was very similar to that of the Si(001)
experiment, and is shown in Fig. 13(a). The W
4f spectra for this surface shown in Fig. 13(b)
are clearly split into oxide and bulk
components, with a separation between them of
0.73 eV. In the solid curves of Figs. 13(c),(d),
we show single azimuthal scans of the oxide
and bulk peaks for a takeoff angle © with
respect to the surface of 26.5°, and with
excitation by linear-polarized (LP) light, as well
as circular-polarized LCP and RCP light. With
LP excitation, the comrect mirror symmetry
across the [001] azimuth at ¢ = 90° is seen to
within statistical uncertainty in both oxide and

) a9
Kinetic Energy [aV]

Intensity [cts)

hv = 100 eV ]
Surface \\ ;
" Chemi. 0 "“-\.\“. s

Peak Area
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T = 298°K 3

Al

30

40

Time {min.]

Fig. 12

Time and state resolved W 4f;, photoelectron spectra for a clean W(110) surface exposed to

oxygen at 3x10™ torr for 70 min.: (a) t = 0 min.—-initial clean surface showing the surface core
level shifted peak at —320 meV with respect to bulk; (b) t = 35 min--surface after 35 min.,
showing the two oxygen-induced peaks at —350 meV and -730 meV; (c) t = 70 min.--final
spectrum of the series after 70 min, showing the increase of the oxide peak at the expense of the
chemisorbed oxygen peak; (d) time dependence of the intensities of the four peaks observed in

these spectra. [From ref. 29.]
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bulk, but with LCP and RCP excitation,
differences which can be interpreted as peak
rotations, as well as other relative intensity
changes and distortions, are found. The
rotations appear as a general leftward
movement of peaks and valleys with LCP, and a
rightward movement with RCP. The overall
diffraction patterns furthermore obey the
symmetry expected from the normal-incidence
experimental geometry, as the [001] mirror
image of the LCP intensities for both oxide and
bulk are within statistics identical to the RCP

C)

hv =366 eV

intensities. These symmetries and rotations are
even more clearly seen in the large-solid-angle
data sets in Fig. 14. In particular, a £5° rotation
of peaks is very clear in the oxide data between
LCP and RCP. MSC PD calculations
furthermore well predict both the overall
rotations of features and the peak distortions
seen here {37], with the dashed curves in Fig.
13(d) present some of these preliminary
theoretical results.

Thus, such circular dichroism in photoelectron
angular distributions is expected to be a very

(b) Bulk and Oxide Resolved W4f
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Fig. 13 Circular dichroism in the angular distributions of photoelectrons from (1x1)O/W(110) with a
(1x12) oxide superstructure: (a) the experimental geometry, with radiation incident normal to
the surface and the rotating analyzer of Figs. 6 and 7 being used to measure at various takeoff
angles 6 with respect to the surface; (b) a W 4f spectrum with oxide and bulk peaks resolved;
(¢),(d) azimuthal scans at a takeoff angle of 26.5° for both oxide and butk W 4f components for
linear-polarized (LP) light, left-circular-polarized (LCP) light, and right-circular-polarized
(RCP) light. In (d) is also a comparison of the experimental curve for bulk emission with
theoretical photoelectron diffraction calculations. [From ref. 37.]
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general phenomenon for any non-magnetic
system (or by implication, also any magnetic
system), and such effects can also be
quantitatively described by PD theory. One
reason for being interested in this phenomenon
is that circular dichroism in magnetic systems
(magnetic circular dichroism or MCD) is often
a much more subtle difference in intensities that
may be only a few % in magnitude in 3d metals
[39]. MCD effects in photoelectron angular
distributions are due to a combination of the
spin-orbit and multiplet splittings inherent in
core spectra [39(a)], as well as possible spin-
dependent exchange scattering from magnetic
atoms during photoelectron escape from the

surface [9]. By contrast, the CDAD effects

discussed in this section are due to the strong

Oxide

()

LP

(d)

Coulomb-plus-exchange scattering from every
atom in the specimen. Thus, properly allowing
for the latter will be essential to accurately
measuring the former [34(b),35]. The same
kind of allowance will be necessary in the more
recently discovered magnetic linear dichroism
(MLD) [40(a)] and magnetic unpolarized
dichroism (MUD) [40(b)] effects in core
photoelectron angular distributions.

4.2 Magnetic Systems

As a recent example of the kinds of magnetic
circular dichroism effects seen in ferromagnetic
systems, we show in Fig. 15(a) some recent Gd
4d spectra from Gd(0001) obtained by Morais,
Denecke et al. [41]. Both of these spectra are
split into various multiplets, with the five-

(b)

Lce

(c)

RCP

Fig. 14  Large-solid-angle photoelectron diffraction patterns for oxide [(a),(b),(c)] and bulk [(d),(e),(D)]
W 4f emission from a (1x1)-(1x12) oxygen overlayer on W(110). Panels (a) and (d) are for LP
excitation, (b) and (e) are for LCP excitation, and (c) and (f) are for RCP excitation. Note the
apparent rotation of certain major features in the patterns between LCP and RCP, particularly

for the oxide patterns. [From ref. 37.]
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Magnetic Circular Dichroism (MCD) in Gd 4d Photoemission
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Fig. 15 Gd 4d photoemission spectra taken at a

photon energy of 450 eV using left circular
polarized light. The solid line spectrum was
taken with the sample magnetization MM
parallel to the azimuth of the light indicence
direction (®M=0°), and the dotted line
spectrum an antiparallel arrangement (®M =
180°). The lower curve is the normalized
difference or MCD asymmetry. The inset
shows the experimental geometry. [From ref.
41.]

component fine structure clearly resolved for
the higher energy peak The Gd has been
magnetized in a mirror plane of the crystal,
along M as shown in the inset, and the two
spectra correspond to having M parallel or anti-
parallel to the plane containing q, the surface
normal n, and k (i.e., the angle ¢y = 0° or
180°). There is a dramatic difference between
these spectra, and it results in the MCD signal
shown in Fig. 15(b), which is as large as 30%.
Fig. 15(c) now shows a free-atom theoretical
calculation of such effects by Van der Lann et
al. [42], and the agreement with experiment is
excellent, including a state-by-state prediction
of the degree of MCD.

Fig. 16 now shows the azimuthal angular
dependence of this Gd MCD, with the sample
being rotated about its normal so as to vary ¢m
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Fig. 16 Angle dependence of the overall MCD effect
for Gd 4d core-level emission. (a) Normal
emission, (b) Electron takeoff angle = 70°
(20° from normal). In both cases the solid
lines show theoretical curves calculated for
the respective cases. In (a) the calculation is
for a free atom, in (b) it is for emission from
an atomic cluster three layers thick in order to
account for photoelectron diffraction effects.
[Fromref. 41.]

and the MCD always being measured as a
different of spectra for ¢y and ¢ps + 180°. There
is a strong ~+35% variation of this signal with
dm, including an overall cosine-like behavior
that is characteristic of the free atom and
dominant in Fig. 16(a) for normal emission.
But additional reproducible fine structure in the
~+5% range is also present in Fig. 16(b) for
emission 20° off normal. Such MCDAD effects
thus will be useful in studying magnetic order
and local structure in an element-specific way,
but it is clear that a fully quantitative
understanding and use of them will require
considering final state photoelectron scattering
and diffraction.

S. Spin Polarization in Photoelectron
Diffraction
S.1 Multiplet Splittings and Spin-polarized
Photoelectron Diffraction:
Being able to separately measure intensity
distributions for spin-up and spin-down
photoelectrons should in principle make it
possible to determine the short-range magnetic

-351 -



Journal of Surface Analysis, Vol. 3, No. 2, (1997), C. S. Fadley, Surface, Interface, and Nanostructure Characterization with ......

order around a given type of emitter via what
can be called spin-polarized photoelectron
diffraction (SPPD). This is because the
scattering  of spin-up and  spin-down
photoelectrons is slightly different in the
presence of magnetic order, primarily due to the
exchange interaction between the photoelectron
and the unfilled d or f wvalence shells
responsible for the magnetic order. The use of
multiplet splittings for deriving such spin-
resolved spectra is by now well-established for
both simple antiferromagnets [9] and
ferromagnetic metals [43], and we show in Fig.
17(a) a multiplet-split 3s spectrum from
antiferromagnetic KMnF3(100) that is one of
the few cases studied to date by SPPD. The
predominant spin polarizations of the two
components are indicated in this figure,
together ~ with  the  overall  electron
configurations and L-S multiplets associated
with each peak: the °S peak at lower kinetic
energy is expected to be 100% up-spin and the
’S peak 71% down-spin; spin polarizations are
in the case of such multiplets measured with
respect to the emitting atom or ion. The spin-
up/spin-down intensity ratio in such multiplets
has been measured previously for both
KMnF3(110) and MnO(001) as a function of
both temperature and direction [9(b)-(d)], and
these results indicate some sort of high-
temperature magnetic phase transition which

occurs at 3-5 times the bulk transition
temperature or Neél temperature. These
experimental results are in qualitative

agreement with PD calculations assuming that
there is an abrupt loss of short-range
antiferromagnetic order at these higher
temperatures. One possible explanation for this
effect is that there are local domains of short-
range order that persist up to this higher
temperature and then abruptly disappear.
Another possibility discussed by Zhang et al.
[44] is that the surface Néel temperature could
be significantly higher than that in the bulk.
Thus, it is also possible that these SPPD
experiments have detected highly elevated
surface Néel temperatures for these systems.
Although further experiments and theoretical
analysis will be necessary to fully clarify the
nature of these observations, this work and
other prior studies [9] indicates the potential of
SPPD for the atom-specific study of short-
range magnetic order. Exploiting this potential
should be assisted enormously by the use of
next-generation synchrotron radiation facilities.
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Fig. 17 Spin-polarized core photoelectron spectra: (a)

a Mn 3s spectrum from KMnF; with the
electronic states and spin polarizations relative
to the emitting Mn”" ion indicated [From ref.
9(e).]; (b) a spin-resolved W 41 spectrum from
W(110), excited by LCP light (top panel) and
by RCP light (bottom panel). In (b), the spin-
resolved intensities as measured parallel or
antiparallel to the light incidence direction g
are indicated. [From ref. 46.]

5.2 Spin Polarization from Circular-
polarized Excitation

Spin-polarized photoelectrons can also be
produced by exciting a spin-orbit-split core
level, making use of the well-known Fano
effect from atomic physics [45]. We illustrate
this with some very recent data obtained by
Starke et al. for the non-magnetic system
W(110) and shown in Fig. 17(b), using the
experimental geometry shown in the inset
between Figs. 18(b) and 18(c) [46]. Fig. 17(b)
shows spin-resolved W 4f spectra for the two
different circular polarizations of incident
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radiation at an energy of 134 eV, with the
photoelectron spin being measured either
paralle] or antiparallel to the resulting direction
of the light helicity, which is in turn parallel or
antiparallel to the light incidence direction.
That is, for this case, the spin polarizations are
referenced externally to the direction of light
incidence. There is a clear and strong spin
polarization in both the 5/2 and 772
components, with the expected change of sign

Spin Polarization: W 4f

as the polarization of the light is changed.
These spin polarizations are also found to
increase markedly with photon energy from 80
eV to about 130 eV, and to remain large at
about 50-60% over the range from 130 eV to
240 eV, as shown in Fig. 18(a). These
polarizations are thus comparable to the 70-
100% expected for simple 3s multiplets of the
type discussed previously for Mn, and
immediately suggest using such spectra also as

520 W(110)

80 ' %
~~ 60
R
g
S
Te] ~ [ )
o. A ® Experiment
- —— Free Atom (Eq. 1) l
20 i ----- Free Atom (PD Limit) -
5 m  |arge Cluster (PD i
% Large Cluster, 10" Rotation (PD) |
o 1 i i ¢ i
80 120 160 200 240

Photon Energy (eV)

-32.1%

Fig. 18 Spin-polarization in W 4f spectra excited by circular-polarized light from W(110): (a) the
absolute value of the 4fs, polarization as a function of photon energy, with experiment
compared to both free-atom and MS cluster PD calculations; (b) the three-dimensional spin
polarization for a free atom in the geometry shown in the inset and with an excitation energy of
134 eV; (c) as (b), but for a MS cluster PD calculation in a 5-atom cluster (an emitter below 4
surface scatterers); (d),(e) the separate spin-up and spin-down intensities excited in a free-atom.

[From ref. 46.]
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internal sources of spin-polarized
photoelectrons for SPPD studies. Such SPPD
studies based on circular-polarized excitation
have in fact been attempted for the first time
recently [47]. Theoretical calculations of such
effects have also been carried out. For example,
for the W 4f5) results in Fig. 18(a), simple free-
atom calculations [48] agree very well with the
energy dependence seen in experiment. MSC
PD calculations from a large W(110) cluster in
the nominal geometry of the experiment show
the same general trend of polarization variation
with energy as experiment, but have a
significant dip at about 125 eV that is not
observed experimentally. However, a small
azimuthal rotation of the cluster by 10° that is
within the experimental uncertainty of
alignment suppresses this dip, and yields very
good agreement with experiment as well. The
change in the PD polarizations with cluster
orientation however suggests that photoelectron
scattering, even in a non-magnetic lattice, can
significantly alter the degree of spin
polarization in a core spectrum [46]. The origin
of these changes is that the separate spin-up and
spin-down intensity distributions excited from
the 5/2 or 7/2 levels have very different shapes,
and that they thus sample differently the non-
magnetic scatterers around the emitting atom.
These effects are illustrated in the theoretical
calculations in Figs. 18(b)-(e): the three-
dimensional distribution of polarization for the
free-atom .in (b) is significantly altered when
emission from a S-atom cluster is considered in
(b) and this alteration can be qualitatively
understood from the separate spin-up and spin-
down intensity distributions for the free-atom in
(d) and (e). Such eftects should be very general,
very strong, and occur in both non-magnetic
and magnetic surroundings.

Finally, we note that the separate measurement
of spin-up and spin-down intensities over a
range of directions and/or energies can in
principle lead to spin-polarized photoelectron
holography [49], a prospect that we discuss
briefly below.

6. Photoelectron Holography

We now turn to the potential for directly
determining short-range atomic structures by
holographically inverting data sets that may
span both photoelectron direction and energy.
All of these so-called “direct” methods involve
carrying out some kind of mathematical
operation that is closely akin to a fourier

transform on a large set of data involving
>1000 distinct intensity measurements. In
general, the photoelectron intensity I(k) for a
certain wave vector Kk is converted to a
normalized function x(k) in a standard way via:

- _1<1?)—10<1€> [(k)~1,(k)

where Io(k)oc|¢0| is the intensity in the absence
of any scatterers. Measurements of x(k) are
made at several directions of emission (several
k), and also perhaps at several energies of
excitation (several [k|). The most common way
to holographically invert such a x(k) data set is
to carry out the tollowmg transform over the
relevant volume in k-space, as first suggested
by Szoke [12(a)], and amplified upon by Barton
et al. [12(d)], and by Tong et al. [14(a)]:

[exp(~i|k||7]) [[exp(ik -7)
Wkl k 2

2UOIkP djklsin6,d6,dp,|

U@r)=

where 6y and ¢y are the angles defining the
direction k. Several prior studies have obtained
successful three-dimensional images of near-
neighbor atoms using this approach or close
relatives of it [12-20], and it seems clear that, at
least for back scattering atoms around a given
emitter, very useful structural conclusions can
be drawn. These images include some obtained
with only one energy [e.g., 15(a),(b),(d); 17],
and others in which the transform of Eq. 2 is
modified to allow for non-ideal scattering
effects and/or to somehow focus on the region
of image space that is most nearly ideal [e "
13,14,15.18(b),(¢),(d)].

We will illustrate this method as applied to a
first-of-a-kind extended data set obtained by
Rotenberg, Denlinger et al. [50] on Beamline
7.0 at the Advanced Light Source. The clean
W(110) surface discussed previously has been
used as a test case, with the intensities of the
bulk and surface peaks in spectra such as that in
Fig. &(b) being measured over essentially the
full hemisphere above the surface and for
kinetic energies between 39 eV (like that in
Figs. 8(b) and 9) and 309 eV. A total of about
20,000 unique intensities was thus measured.
Fig. 19(a) now shows a holographic atomic
image reconstructed via Eq. 2 (here referred to
as Method A from among several considered
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elsewhere [50]) from the surface-atom intensity
data, as first normalized to produce x(k) via Eq.
1. This image is in the vertical (112) plane, the
emitter position is indicated by a dashed square,
and the ideal positions of the neighboring
atoms are indicated by circles. We see that the
back scattering atom just below the emitter
(denoted [T10]) is very well imaged, with a
sharp peak that is centered very close to the true
atomic position (within ~0.2A). The side
scattering atoms erface atopilS just next to the
emitter (denoted [zzz] and [m]) are also clearly
imaged, but with some smearing in the vertical
direction, and positions that are further from the
true positions, being shifted inward toward the
emitter by about 0.7A and downward from the
surface plane by about 0.2A. Nonetheless, this
experimental image could be used to provide a
good first-order estimate of the local geometry
around these W surface atoms if it were not
already known (e.g. via the PD analysis in Fig.
9).

In Figs. 19(b) and 19(c) are now shown
corresponding images derived from both single
scattering and multiple scattering calculations.
Single scattering is found not to agree as well
with experiment, for example for the form and
relative intensity of the image of the back
scattering atom. Multiple scattering is found to
much better predict the image of this back
scattering atom in both form and intensity. Both
theoretical images are found to show a doubling
of the side scattering atomic images that is not
as evident in experiment, but they agree in
predicting inward and downward shifts in the
center of gravity of these images, as seen in

(a). Method A, exp.

experiment. Thus, experiment and multiple
scattering theory are overall in very good
agreement, but with the experimental images
being even cleaner representations of these
nearest-neighbor atomic images than found in
theory.

Similar results for a bulk emitter are not as
encouraging, with the forward scattering atoms
above a typical emitter showing elongated and
shifted images that would make it difficult to
use them for a precise structural prediction
[50]. Various other imaging algorithms have
also been applied to these surface and bulk
holographic data to assess the degree to which
they improve the atomic images [50]. Overall,
it is concluded that backscattering atoms below
and side-scattering atoms beside a given emitter
that is in turn at or near the surface can be
imaged successfully, with forward scattering
atoms above the emitter not being imaged as
accurately. Large data sets of the type
considered here should permit exploiting
holographic imaging to a maximum degree in
the future, although it should not be necessary
for most cases to obtain more that 3,000-5,000
intensities to accurately image the near-
neighbor region [15(e)-(f)].

We turn now to another intriguing prospect for
the future of spin-resolved photoelectron
diffraction studies: the possibility of directly
imaging the scatterer spins around a given
emitter via holographic inversion methods. We
have already noted that two core photoelectron
peaks can often be found at relatively close-
lying energies that are strongly spin-polarized
in an opposite sense. This might be due to a

{c) Method A, MS theory

6

[110] (A)}———p

[(T11] (A)———

(b) Method A, SS theory

W(110) holographic atomic images in the vertical (112) plane, as reconstructed from (a) a large

experimental surface-resolved W 4f, data set; and (b) corresponding multiple scattering
calculations. The surface-atom emitter is indicated by a dashed square, and the near-neighbor
scatterers by circles. Image intensities for vertical coordinates <~3.5 A have been rescaled, with

the scale factors indicated on the figures. [From ref. 50.]
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core multiplet splitting or a spin-orbit doublet
excited with circular polarization, or some
mixture of these two effects. Thus, it is in
principle possible to separately measure XT(k)
and yy k) for the two different spm
orientations, and this could lead via spin-
dependent scattering effects to the holographic
imaging of the local magnetic order around a
given type of emitter [49] There are two
obvious spin- -sensitive 1mag1ng algorithms
based on Eq. 2 and Xr(k) and (k) [49(b),(0)]:

A(r) =U,(F)-U (F) 3)

with obvious notation, and

NGE fmﬂzmwnﬂwmmfﬂzum
[k] 4)

— 2 O]k dlkIsing,d6,dg,

which is just like the image U(r) but calculated
only on the difference of the spin-up and spin-
down y‘s. Additional vector-based spin-
sensitive holographic imaging functions have
also been proposed by Timmermans et al.

[49(a)].

(a) Side scattering cluster

(b)

y (X

x (R
= [Trans. of X1 - Xy|

vy &)

Fig.20 A theoretical simulation of spin-polarized photoelectron holography: (a) a nine-atom cluster
representing the (001) surface of MnO, with an emitter in its center; (b),(c) normal holographic
images U(r) generated for the two different photoelectron spins by using Eq. 2 for holograms at
10 energies between 127 and 278 ¢V; (d) the spin-sensitive holographic image A generated by
using Eq. 3; (e) the spin-sensitive holographic image A’(r) generated by using Eq. 4. {From refs.

49(c)(d) ]
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As a brief indication of the potential of this
kind of photoelectron holography, we show in
Fig. 20 holographic inversions of multiple
scatterlng calculations for emrssron of spm up
and spin-down electrons from Mn*" ions in a
small planar cluster representing a portion of
the MnO(OOl) surface [49(d)]. The cluster is
shown in Fig. 20(a). Spin-up Mn*" scatterers in
this cluster have been distinguished from spin-
down scatterers by having an additional
exchange potential due to five unpaired 3d
electrons that interacts only with spin-up
photoelectrons. Spin-down scatterers have the
same 3d exchange potential, but it interacts
only with spin-down photoelectrons. Thus, the
potential is slightly more attractive when the
photoelectron spin is parallel to that of the
scatterer. Spin-up and spin-down holograms
were calculated in a fully-converged MSC way
for 10 energies between 127 eV and 278 eV,
and holographic images then derived via
equations (2), (3), and (4). The normal images
Ut and Uy in the plane of the cluster for spin-
up and spin-down electrons are shown in Figs
20(b),(c), together with the correspondmg spin-
sensitive images A( r) and A(D) in Figs.
20(d),(e). The normal images show features for
all of the atoms in the cluster, including the
four non-magnetic O atoms. These spin-up and
spin-down images are also very similar, as
expected since the 3d exchange scattering is
only 5-15% of the total effective scattering
potential at these energies. By contrast, neither
A(r) nor A’(r) contains any image intensity for
the O atoms, verifying that either of these
choices of  imaging algorithm  are
predominantly sensitive to only the magnetic
scatterers. The peaks and valleys in the spin-
sensitive images are in general about 7-9% as
strong in transform amplitude as the normal
images, suggesting the experimental possibility
of carrying out such imaging, albeit a non-
trivial exercise. A( r) and A)( r) are also
inherently different in that A’ (f) images both
orientations of scatterers in the same way, due
the absolute value in Eq 4, while A(r) changes
sign when the scatterer is ﬂlpped and thus also
is sensitive to the orientation of a given
scatterer. A(r) also involves the phase of the
scattering factor, and thus can show sign
changes over the region of a magnetic scatterer;
however, it is clear from this and other
calculations that the sign changes are exactly
reversed if the orientation of the scatterer spin
is flipped from up to down.

Thus, spin-polarized photoelectron holography
represents an intriguing and challenging
experimental possibility for the future, but one
well matched to the new synchrotron radiation
sources that are now becoming available.

7. X-ray Holography

We finally consider an alternative type of
holography involving the scattering of x-rays by
the near neighbors to a given atom that is
emitting fluorescent x-rays. This method also
was first suggested by Szoke [12(a)], and it has
also been discussed previously from a
theoretical point of view [23]. But the much
weaker diffraction modulations involved have
prevented the first experimental explorations of
it until recently [24]. The first method for doing
x-ray holography has been termed x-ray
fluorescence  holography (XFH) and is
illustrated in Fig. 2(b). As indicated, it is
identical in philosophy to photoelectron
holography, except that it is now a fluorescent
X-ray which scatters instead of a photoelectron
This makes the scattering much weaker, by 10
or 10, but much more ideal and optical in
character. The former means that such
measurements will be more difficult to
measure, but the latter means that they should
be more accurate, and thus worth assessing.
Comparing Fig. 2(a) with Fig. 2(b) also points
out the fundamental difference between a
classic x-ray diffraction (XRD) measurement
and XFH. In XRD, scattered waves ¢, ¢2, ¢3, ...
from the various atomic planes in a sample with
long-range order constructively interfere to
yield various Bragg reflections, and the
reference wave ¢¢ is lost into the crystal. Thus,
a direct holographic inversion of such data is
not possible, although there are by now several
well-established approaches for solving the
resulting “phase problem” so as to determine
unique atomic structures [51], and more
recently, the use of x-ray standing waves has
been discussed for this purpose [52(a)] In XFH
by contrast, the reference wave is involved in
producing the diffraction pattern, which is
created by the scattering from the near neighbor
atoms involved in the short-range order around
a given emitter. Thus, a true hologram is
generated, and inversion of it using
relationships like Eqs. 1 and 2 becomes
feasible. Scattering of fluorescent x-rays from
the long-range order in the crystal also can
occur, and this produces features known as
Kossel lines which have also been suggested as
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an alternate way of doing x-ray holography
[52(b)]. In fact, photoelectrons exhibit such
features as well, which are called Kikuchi
bands [53]. But we will focus here on the short-
range-order effects in XFH that are completely
analogous to a normal photoelectron diffraction
pattern.

The first XFH measurements were performed
recently by Tegze and Faigel [24(a)]. They
measured the hologram by monitoring the
single-energy Sr Ko emission (E = 14.10 keV, k
= 7.145 A) from a single crystal of SrTiO;.
Approximately 2,400 intensities were measured
over a cone of 60° half angle above the surface.
The final hologram was found to have
anisotropies in intensity of Al/l, ~ 0.3%. These
much smaller effects mean that much more
demanding detector counting statistics are
required in x-ray holography measurements
than with comparable electron holography
measurements. The reconstruction of this
hologram via the algorithm of Eq. 2 (as reduced
to a single integral over direction) yields
images of the Sr atoms only, as the much
weaker scattering strength of the Ti and O
atoms renders their images invisible compared
to those of the Sr atoms. Fig. 21(a) shows the
experimental image reconstructed in the
vertical (010) plane (24(a)), and it is compared
in Fig. 21(b) to an image reconstructed from a
theoretical (k) for Sr Ko emission from a
simple-cubic Sr cluster of 27 atoms (24(b)).
The expected atomic image resolutions at this
hologram energy and angular range are 8x ~
0.3A in the horizontal [100] direction, and 8x ~

{a) Experiment

[001] (A)——

Fig. 21

: (b) SS theory

0.9A in the vertical [001] direction [13(d)], and
are in general agreement with the atomic
images of Figs. 21(a),(b).

Reconstructing  three-dimensional  atomic
images from a single-energy hologram yields
twin images [12-15, 23]. In any structure
without inversion symmetry, these twins can
overlap with real atomic images so as to
confuse structural interpretation. In addition,
the real and twin atomic images for a particular
energy and system can overlap completely out
of phase, leading to an artificial suppression of
atomic image intensities [23]. As in
photoelectron  holography, It is  thus
advantageous to reconstruct direct atomic
images from multiple-wavenumber y(k) data
sets so as to avoid such real-twin Iimage
overlaps [12(c),12(d),23(c)]. However, such
XFH holograms cannot be measured at
arbitrary energies, with the latter being limited
by the intensity and number of fluorescence
lines of the photoemitting species.

To get around this single-energy or at most few-
energy limitation in XFH, another method for
obtaining x-ray holographic information at
conveniently chosen multiple energies has also
very recently been proposed and demonstrated
experimentally for the first time by Gog et al.
[24(c)]. This method has been termed multiple
energy x-ray holography (MEXH), and its basic
principle is illustrated in Fig. 2(c). MEXH is
the time-reversed version of the conventional
geometry of XFH (Fig. 2(b)), in that the wave
motions are reversed, and the emitter and
detector positions are interchanged. The

1
|
|

0 6
[100] (A)——»

X-ray fluorescence holography (XFH) atomic images of SrTiO; in the vertical (010) plane,

obtained from (a) experimental [24(a)] and (b) theoretical {24(b)] Sr Ka y(k) data sets, via Eq.
2. The Sr emitter site is indicated by the dashed square, and nearest-neighbor and next-nearest-
neighbor Sr scatterers are indicated by circles.
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exciting external x-ray beam now produces the
reference and object waves, and the fluorescing
atom acts only to detect the interference
between the direct and scattered wavefronts.
That is, the strength of the angle-integrated
fluorescence signal is used to monitor the x-ray
field strength at the emitting atom. The emitted
x-rays are now collected by a distant detector
with a large acceptance solid angle, in principle
yielding much higher effective counting rates.
The excitation x-ray source can also now be set
to any energy above the fluorescence edge of
the emitting species, thus permitting holograms
at multiple energy and yielding in principle
atomic 1mages with no real-twin image
overlaps [12(c),12(d),14(a),24(c)]. Specifically,
multiple-energy x-ray holograms have been
measured to date for hematite (a-
Fe,03(001))[24(c)], and for Ge(001) [24(d)].
We illustrate the results of applying the
inversion algorithm of Eq. (2) to both
experimental MEXH data for o-Fe;O3(001)
measured by Gog and co-workers on Beamline
X-14A of the National Synchrotron Light
Source at Brookhaven National Laboratory
[24(c)] and to theoretical simulations of this
data. Fe Ka fluorescence was excited by
horizontally polarized radiation at three
energies in the range hv— 9.00keV to 10.30keV
(k =4.561A7" to 5.220A™") that was incident on
the sample surface over a polar range of 60° < 6
< 90° = surface normal. These data points were
measured at three energies with intervals of ok
= 0.329A”" (BE = 650eV), and at angular

(a) Horiz. pol., exp.

0
[100] (A)—>-

intervals of (86, 8¢) = (5°, 5°), making a total
of 435 unique measurements in a symmetry-
reduced 1/3rd of the total solid-angle above the
sample. The resulting modulation in (k) was
~0.5%, and thus comparable to that of the
previously discussed XFH data.

For comparison to the experimental results, a
single-scattering model [23(c)] was used to
calculate a theoretical y(k) for an ideal «-
Fe;03(001) cluster containing 384 Fe atoms
with two inequivalent Fe emitter sites, as
appropriate to the hematite lattice. The O atoms
were not included due to their much smaller
scattering power. The orientation of the

_ radiation polarization with respect to the crystal

during the crystal rotation of the measurement
was also taken into account.. In particular,
because the incident radiation is linearly
polarized, the x-ray scattering factor must be
further multiplied by the Thomson scattermg
factor, which has the form sin’@X | where @ is
the angle between the polarization vector of the
incident radiation €, and the direction k‘ of the
scattered radiation. Thus, there will be nodes in
the incoming scattered object waves along the
polarization direction, and emitter atoms near
this direction will not be strongly influenced by
X-ray scattering.

Figs 22(a) and (b) show the resulting atomic
images for experiment and theory, respectlvely,
in the [002] plane situated at z = —6.89A below
the emitter. There is excellent agreement
between experiment and theory, and the
positions of the atoms are very close to those in

(b) Horiz. pol..

theory

Fig. 22 Multiple energy x-ray holography (MEXH) atomic images of a-Fe,O5(001) in the horizontal
(002) plane situated 6.89A below each of the two types of Fe emitters, obtained from (a)
experimental and (b) theoretical Fe Ka (k) data sets, via Eq. 2 [24(c)]. Fe scatterers in the bi-
layer just above or below this plane are indicated by dashed circles, and Fe scatterers in relative
positions common to both inequivalent Fe emitters are indicated by bold circles.
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the known lattice (~0.2 A inward displacement
toward the emitter in experiment, and ~0.4 A
inward displacement in theory). The expected
image resolutions in the horizontal ([100] and
[120]) directions are 8x=8y = 0.6A [13(d)] The
experimental and theoretical images are very
similar in that three of the Fe atoms from the
neighboring upper bi-layer intrude into the
[002] image plane. This intrusion is due to the
limited energy and angular range of the y(k)
data points in k-space (as compared to the
larger €nergy and angular range for the electron
x(k)’s in the previous section), which results in
atomic images much less resolved in the
vertical [001] direction and a resolution limit of
dz ~ 2.5 A [13(d)]. Still, since these images are
reconstructed from a multiple-energy y(k) data
set, they should be freer of real-twin image
overlaps [23(c)]. And they show promise for
future studies with data at more energies and
over larger solid angle ranges.

Thus, although x-ray holography using
fluorescent x-rays is really just beginning to
become a reality, it already shows considerable
promise of becoming a complementary tool to
x-ray diffraction and other surface and bulk
structure probes. Its key advantages are that it is
element-specific,  that  the  theoretical
interpretation is much simpler than for
electrons, and that it can probe the short-range
structure in systems for which long-range order
may be lacking. For certain kinds of surface,
interface, and nanostructure work, both XFH
and MEXH thus show considerable promise.
Fully exploiting these new methods will also
require the high brightness excitation sources of
third-generation synchrotron radiation facilities.

8. Concluding Remarks

Photoelectron diffraction is thus in some
respects a mature field, but at the same time
one in which several exciting new possibilities
for surface, interface, and nanostructure
structure studies are found. The simple
extension to taking full-solid-angle data often
permits much clearer conclusions as to
structures, especially when high energies with
forward  scattering are  present, and
complementary structure probes such as LEED
and STM are used in situ with it. Next-
generation instrumentation, particularly at
third-generation synchrotron radiation sources,
will much expand the use of chemical state- or
site- resolved photoelectron  diffraction,
including the resolution of surface atoms and

atoms at buried interfaces, time-dependent
structural studies, and different types of
dichroism in both non-magnetic and magnetic
systems. The use of circular-polarized radiation
for excitation shows up new phenomena in
diffraction peak rotations and distortions, as
well as making it possible to excite spin-
polarized photoelectrons from any spin-orbit
split level. Spin-polarized photoelectron
diffraction and its more difficult cousin spin-
polarized photoelectron holography also
promise to provide information on local
magnetic order in an element-specific, and also
site-specific, way. Photoelectron holography
also should provide direct imaging of short-
range atomic structure, with useful accuracy for
surface and near-surface species. Finally, x-ray
holography of either the x-ray fluorescence type
or the multi-energy time-reversed type
represents a new and closely related technique
with considerable potential for imaging short-
range atomic structure with higher accuracy.
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