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Holographic atomic images from surface and bulk W„110… photoelectron diffraction data
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Photoelectron diffraction data can, in principle, be regarded as enabling the experimental recording of
electron diffraction phases~relative to a direct reference wave!, as well as intensities, thus also permitting the
holographic reconstruction of atomic positions. Such holographic photoelectron diffraction patterns have been
measured for surface and bulk core-level-shifted W 4f photoemission from W~110!, yielding a data set of
unprecedented size and quality. To test the role of experimental uncertainties and of multiple-scattering effects,
we have also performed corresponding theoretical calculations at the single- and multiple-scattering levels. The
surface and bulk holograms so obtained have been analyzed so as to provide the first parallel comparison of the
three-dimensional atomic images that can be directly obtained via the five principal reconstruction algorithms
proposed to date. The advantages and disadvantages of each of these methods are discussed. The prospects and
limitations of atomic photoelectron holography as anab initio technique for determining local-surface struc-
tures are also explored.@S0163-1829~99!08207-7#
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I. INTRODUCTION

Gabor originally proposed holography with electro
beams as an experimental scheme to directly record the
tensities and phases of diffraction patterns relative to a
erence wave front.1 Later, Szo¨ke observed that far-field pho
toelectron and fluorescent x-ray diffraction patterns crea
by the interference between a direct unscattered wave f
and wave fronts scattered by atoms neighboring the emit
atom are also holographic in nature.2 As both diffraction in-
tensities and phases can thus be determined experimen
three-dimensional images of the superpositions of the ato
neighborhoods of each emitting site can then be directly
tained using various reconstruction algorithms,3–8 as experi-
mentally demonstrated by now in photoelectron diffra
tion,9 Auger electron diffraction,10 Kikuchi-electron
backscattering,11 low-energy electron diffraction,12 and pos-
itron diffraction.13 More recently, similar holographic imag
ing has been demonstrated experimentally in x-ray fluo
cence as well.14,15 Some of the notable successes
photoelectron holography to date involve the determinat
of the structures of adsorbate overlayers,6~b!,9~c!,11~a!,12~a! and
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reconstructed surfaces.6~d!,9~e!,11~b! A significant advantage o
photoelectron holography is in being able, via core-le
binding-energy shifts, to study the local structure arou
each type of emitter separately, and we make use of
aspect here.

However, due to the nonideal nature of electron emiss
and scattering, atomic images obtained from all electron
lograms suffer from aberrations, artifacts, and posit
shifts16–18 relative to, e.g., the more accurate atomic imag
expected from x-ray holograms; this is due to the more id
nature of the x-ray emission and scattering processes.19 In
this paper, we will compare the most often-used reconstr
tion algorithms for photoelectron holography that attempt
increase atomic image fidelity by in some way suppress
and/or directly accounting for the nonideal nature
electron-scattering processes. Preliminary theoretical c
parisons have been made earlier between these differen
construction algorithms,20 but to our knowledge this pape
represents the first such comprehensive comparison of t
imaging methods as applied to a very large and high-qua
experimental data set involving photoelectrons from b
surface and bulk atoms, as distinguished via their core-le
shifts on the W~110! surface.
5857 ©1999 The American Physical Society
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5858 PRB 59P. M. LEN et al.
The W~110! surface represents an excellent test sys
for photoelectron holography, as it has been studied pr
ously by various surface-structure probes, including lo
energy electron diffraction21~a!–21~c! ~LEED! and both
scanned-energy21~d!,21~e! and scanned-angle21~f! photoelectron
diffraction ~PD!. The surface is known to be unreconstructe
and to have a surface-layer-to-second-layer distance th
very little relaxed from the bulk distance, with LEED studi
yielding no relaxation,21~a!,21~b! or a 0.069-Å inward relax-
ation of the surface layer relative to the bulk distance.21~c! A
similar analysis of scanned-energy PD data yields a 0.0
outward relaxation21~d! to a 0.2-Å outward relaxation,21~e! and
a more recent analysis of full-hemisphere scanned-angle
data yields a 0.10-Å outward relaxation.21~f! To a sufficient
accuracy for modeling the photoelectron holograms for t
surface, we can thus assume no interlayer relaxation. A
ther advantage of this surface for PD studies is that it exh
its a very large surface core-level shift of 320 meV relat
to the bulk. Thus, the emission from both the outermost s
face layer~an ‘‘adsorbate’’ layer in which backscattering an
side scattering are dominant! and the underlying bulk layer
@a three-dimensional~3D! lattice in which forward scattering
is dominant# can be distinguished in a high-resolution spe
trum, and the resulting holograms used to generate sep
images of their near-neighbor atoms. Finally, studying
should provide a critical test of theory, in that this highZ
scatterer should lead to highly anisotropic atomic scatte
and strong multiple-scattering effects.

II. EXPERIMENTAL DETERMINATION
OF NORMALIZED HOLOGRAMS

Photoelectron diffraction data from clean W~110! were
collected at undulator beamline 7.0 of the Advanced Lig
Source at the Lawrence Berkeley National Laboratory, us
a hemispherical analyzer in the UltraESCA end station. T
experimental geometry is shown in Fig. 1~a!; the incidence
direction, the outgoing photoelectronk vector, and the sur-
face normal are coplanar in the plane of the figure. The Wf
photoelectron peak can be resolved into surface and
core-level shifted components, as shown in Fig. 1~b!. For
each energy and direction studied, the W 4f peak was re-
solved into surface and bulk emission components by in
grating the areas under the higher and lower flanks of
photoemission surface and bulk W 4f peaks, respectively, a
shown by the shaded areas in Fig. 1~b!. Such photoelectron
spectra were measured for kinetic energies ofE
541– 197 eV~wave vectorsk53.3– 7.2 Å21!, and collected
over a polar takeoff angle range of 14°<u<90°[normal
emission. These data points were measured at wave ve
intervals corresponding todk50.1 Å21, and angular inter-
vals of (du,df)5(3°,3°/cosu) corresponding to roughly
equal solid-angle elements, making a total of 12 280 uni
measurements in a symmetry-reduced1

4 of the total solid
angle above the sample.

Figures 2~a! and 3~a! show cut awayk space volume rep
resentations of the surface and bulkI (k) data sets, respec
tively. The vertical scale is photoelectron wave vector, ra
ing from k53.85 to 7.45 Å21 ~kinetic energy isE556 to
211 eV!, and the polar angles range from 40°<u<90°, as
adjusted using an inner potential correction ofV0514 V
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~Ref. 25! to yield electron wave vectorsand directions be-
neath the surface of the sample. Thus, data was omitted
the lower polar angles that would lie below the lowest co
mon polar angle ofu540° after the inner potential correc
tion. Due to the strong atomic scattering of electro
~as compared, e.g., to fluorescent x-rays!, the anisotropy of
the raw I (k) data, defined asDI /I 05(I max2Imin)/I0 and
'30% is easily discernible with this gray scale. This can
compared to rawI (k) data for fluorescent x rays, which ha
anisotropies about two orders of magnitude less.22

Before atomic images can be reconstructed from th
I (k) data sets, normalized holographic intensities were
tained viax(k)[@ I (k)2I 0(k)#/AI 0(k), whereI 0(k) is the
intensity that would be measured in the absence of ato
scattering~i.e., the intensity of the reference wave, includin
any modulations due to geometrical excitation or instrum
tal effects!. Dividing by I 0(k) in derivingx(k) has also been
done in some studies,6~c!,9~d!,11~b! but in practice, we find there
is little difference in the final holographic images betwe
this choice and dividing byAI 0(k). In practice, thisI 0(k)

FIG. 1. ~a! Experimental geometry, including the orientation
the sample~where n̂ is the surface normal! with respect to the
horizontal polarization vector (ê) of the incident excitation radia-
tion hn, and the exit photoelectron directionk. The angle between
the incident photons and the emitted photoelectrons, as detecte
a hemispherical analyzer, is fixed at 60°. The polar takeoff angu
is varied by rotating the sample about an axis lying in the surf
and in the plane containingê andk; the azimuthal anglef is varied
by rotating aboutn̂. ~b! Typical W 4f 7/2 x-ray photoelectron spec
trum from W~110!, indicating the surface and bulk core-leve
shifted contributions used to generate the holographicI (k) intensity
data points of Figs. 2 and 3.
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FIG. 2. k-space volume representations of the intensity data sets for surface W 4f 7/2 emission. Wave vectors~vertical scale! and polar
angles~horizontal scale! have here all been adjusted to be inside the surface, using an inner potential ofV0514 V. ~a! Raw I (k) data set.
~b! I 0(k) as determined by a least-squares fit in wave vector and polar angle of Eq.~1! to the rawI (k) intensities of~a!. ~c! The normalized
x(k) data set, as determined by the removal of the experimentally derivedI 0(k) of ~b!.
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background must be deduced somehow from experime
I (k) intensities, and we do it here by fitting a low-ord
polynomial in wave vectork and polar angleu to the full
I (k) data set:

I 0~k!5a001 (
m51

3

(
n51

3

amnk
m cos@~2n21!u#. ~1!

Here, the coefficientsamn are determined by a least-squar
fit to I (k). This is qualitatively similar to some prior norma
ization schemes that subtractI 0(k) as the low-frequency
Fourier components of rawI (k) data sets.9~c!,15~a!,15~d!,23 But
this three-dimensional determination ofI 0(k) is distinctly
different from previous methods for determiningI 0(k) in
which simple linear, low-order polynomial, or spline fi
were separately made for each set of different wave vec
along a given direction:I k̂(k) @Refs. 9~a!, 9~c!, and 9~d!# or
each set of different directions at a given wave vector:I k( k̂)
@Refs. 9~b! and 9~e!#. Such separate normalizations with
each scanned-energy or scanned-angle set of data poin
I (k) arose from the historical development of photoelect
holography, in which data tended to be collected w
k-space resolution that was either fine-in-direction/coarse
wave vector or coarse-in-direction/fine-in-wave vector24

There has, in fact, been a recent proposal to consider t
k-space sampling choices as distinct holographic ato
structure probes,9~e! but these choices simply represent e
tremes of a continuous range ofk-space sampling, of which
the optimal choice has been shown to be in the intermed
range of roughly equally resolved direction and wave-vec
data steps.20,24 Thus, this distinction9~e! seems artificial, and
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not consistent with the optimal use of the holographic me
odology. As a consequence, the normalization ofI (k) inten-
sities should ideally be made via the determination of a g
eral I 0(k) background that depends on wave vector a
direction @such as that in Eq.~1!#, rather than determined
separately for each wave vector or direction in theI (k) data
set.

Figures 2~b! and 3~b! show the surface and bulkI 0(k)
functions as determined by applying the wave vector a
polar angle fit of Eq.~1! to the raw surface and bulk photo
electron diffractionI (k) data sets of Figs. 2~a! and 3~a!,
respectively. Figures 2~c! and 3~c! then show thex(k) func-
tions obtained from the rawI (k) intensities of Figs. 2~a! and
3~a!, using the wave vector and angle fitI 0(k) of Figs. 2~b!
and 3~b!. These data points were then remapped onto a
of dk50.1 Å21 and (du,df)5(5°,5°) over the rangesk
53.85– 7.45 Å21 (E556– 211 eV! and 40°<u<90°, for a
final total of 6697 unique intensities in the symmetr
reduced 1/4 of the solid angle above the sample. Thesex(k)
data steps, while coarser than the data steps of the rawI (k)
data sets, are still fine enough to ensure images free
coarse-sampling aliases and aberrations to within'6 Å from
the emitting sites.24

A choice of (m,n)<(3,3) for the coefficients used to fi
I 0(k) was found to be sufficient to subtract out any detrime
tal artifacts at the origin, with higher-order~m,n! coefficients
for I 0(k) not significantly improving the fidelity of the
atomic images in the reconstruction volume of interest.
though some polar-angle dependent structure is noticeab
the surfaceI 0(k) background of Fig. 2~b!, in particular a
peak along the normal and a ring at smaller angles, th
FIG. 3. As Fig. 2, but for bulk W 4f 7/2 emission.
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5860 PRB 59P. M. LEN et al.
features do not transform so as to correspond to any so
atomic image.~From an experimental point of view, suc
features can result from purely instrumental effects ass
ated with nonperfect alignment of the focused light beam
the electron spectrometer acceptance on the sample surf!
This was verified by applying the reconstruction algorithm
method A to theI 0(k) data set of Fig. 2~b!, which is found to
result merely in the expected spurious image intensity at
origin, which is then removed from the final images with t
subtraction ofI 0(k). Of course, if the sum in Eq.~1! were
taken to sufficiently high order, true holographic structu
would begin to be removed in subtractingI 0(k), but we are
well short of this point in all of our analyses.

III. GENERATION OF THEORETICAL
DIFFRACTION PATTERNS

For comparison with experiment, single-scattering a
multiple-scattering theoretical models were used to calcu
surface and bulk emissionI (k)’s from W~110! clusters. The
Rehr-Albers separable Green’s function approach was u
to describe the scattering.26 This was first implemented in
photoelectron diffraction calculations by Kaduwela, Frie
man, and Fadley,27 and a faster algorithm employing it ha
recently been developed by Chen, Wu, and Shirley,28~a! and
further expanded more recently.28~b! The calculations re-
ported here made use of this newer and faster program.
radial matrix elements and phase shifts necessary for des
ing the primary excitation, as well as the scattering ph
shifts, were calculated using the program. Figure 4 sho
several of the key physical ingredients of such theoret
calculations, as evaluated at the two extreme energies stu
here ofkmin53.85 Å21 (E556 eV) andkmax57.45 Å21 (E

FIG. 4. The angular dependence of important theoretical qu
tities, as evaluated at the two extreme internal wave vectors~kinetic
energies! of the experimental data set:kmin53.85 Å21 (E
556 eV) andkmax57.45 Å21 (E5211 eV). ~a! The W 4f differ-
ential photoelectric cross sectionds/dV, as a function of emission
angle with respect to the radiation polarization direction.~b! The W
scattering factor magnitude@ u f (Q r

ku#, as a function of the photo
electron scattering angleQ r

k. Here, Q r
k50° is the forward-

scattering direction, andQ r
k5180° is the backscattering direction

~c! The scattering phase shiftc(Q r
k), again as a function of scat

tering angle.
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5211 eV): ~a! the W 4f differential photoelectric cross sec
tions ds/dV, and W-atom scattering factor~b! magnitudes
u f (Q r

k)u and~c! phasesc(Q r
k). As a first point, the differen-

tial cross section is reasonably isotropic over this ene
range, suggesting that photoelectronsource-waveanisotro-
pies should not affect holographic images too serious
However, a correct allowance for such source-wave effe
would also deal with the amplitudes and phases of thed and
g final-state channels involved,29 leading to potentially more
complex effects on holographic images that we will not co
sider here. As far asscattered-waveeffects are concerned, i
is clear that both the W scattering factor magnitudes a
phases of Figs. 4~b! and 4~c! are strongly anisotropic com
pared to the more ideal scattering nature of x rays,19,22 and
that these anisotropies could adversely affect the resul
reconstructed atomic images, introducing aberrations and
sition shifts.16–18 We will consider correcting for such sca
tered wave effects below.

The clusters used for simulating surface and bulk em
sion considered here consisted of 72 and 64 atoms, res
tively, and were chosen in order to include all events do
to a 2% cutoff of all multiple-scattered wave-front contrib
tions to the detected intensity in the far field.25 Debye-Waller
effects based on correlated vibrations and corresponding
sample temperature of 300 K were included, as were ine
tic attenuation effects, with the inelastic attenuation leng
calculated using the method developed by Tanuma, Pow
and Penn,30 and ranging from 1.71 Å atkmin53.85 Å21 to
4.42 Å atkmax57.45 Å21. The detector full angle of accep
tance was taken to be 3°, and the geometry between
incident radiation polarization, sample, and detector w
identical to the experimental setup of Fig. 1~a!. These theo-
retical photoemission intensities were then also normali
using the wave vector and direction normalization scheme
Eq. ~1!.

IV. DETERMINATION OF ATOMIC IMAGES FROM
EXPERIMENTAL AND THEORETICAL x„k… DATA SETS

Once the normalized holographicx~k! intensities have
been obtained from either experiment or theory, atomic
agesU(r 8) can then be reconstructed via several meth
that we now review. The simplest of these is denoted her
method A:3

UA~r 8![E E E
K
dk e2 i ~k•r82kr8!x~k!, ~2!

and it is a deconvolution transform with a path-lengt
difference kernelei (k•r82kr8), with K representing the appro
priate limits on emission angle and wave-vector magnitu
This kernel assumes an outgoing source wave ofs character,
weaks-wave electron-atom scattering, and a negligible, o
least small, scattering phase shift, and can be thought o
an ‘‘optical’’ limit. In this limit, this transform should recon-
struct the atomic scattering field at relative positionsr 8 sur-
rounding the emitter.3,22 An additional important property o
this method is that, in being a transform over a volume ink
space~i.e., over both direction and wave vector!, it sup-
presses both twin-image and multiple-scattering effects
first pointed out by Barton and co-workers3~a!,3~b! and subse-

n-
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PRB 59 5861HOLOGRAPHIC ATOMIC IMAGES FROM SURFACE AND . . .
FIG. 5. W~110! atomic images obtained from experimental and theoretical W 4f surface-emissionx(k) data sets, in the horizontal~110!
plane, via method A. The surface emitter site at the origin is indicated by dashed squares, and the known positions of the sca
indicated by circles. The nearest and next-nearest scattering positions have been labeled in panel~a!. Axes are marked off in 1-Å units. Imag
intensities forz<23.5 Å have been rescaled, with the scale factors indicated on the figures.~a! Image reconstructed from the experimen
x(k) data set of Fig. 2~c!. ~b! Image reconstructed from a theoretical single-scatteringx(k) data set.~c! Image reconstructed from a
theoretical multiple-scatteringx(k) data set.
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quently by Tonget al.3~c! However, due to the nonideal na
ture of electron emission and scattering, atomic images
tained via method A have still been found to suffer fro
aberrations, artifacts, and position shifts.16–18 Nonetheless,
such images can be of good enough quality to allow an in
and useful determination of atomic structure.9–13

Figures 5 and 6 show the reconstructed images in
horizontal~110! and vertical (1̄12̄) planes, respectively, ob
tained from applying method A@Eq. ~2!# to ~a! the experi-
mental surface emissionx~k! of Fig. 2~c!; ~b! a theoretical
single-scattering surface emissionx~k!; and ~c! a theoretical
multiple-scattering surface emissionx~k!. The (1̄12̄) plane
was chosen to pass through the nearest-neighbor atoms
given emitter that lie in the horizontal~110! surface plane, as
these would presumably also be the strongest atoms in
holographic images. The emitter position is indicated b
dashed square, and the ideal positions of the neighbo
atoms are indicated by circles. The expected atomic im
resolution for this wave vector and angular range ofx~k! in
the horizontal @ 1̄11# direction is given by dx'p/Dkx
[p/@2kmaxsin(umax2umin)#'0.3 Å, and in the vertical@110#
direction is given bydz'p/Dkz[p/@kmax2kmin cos(umax
2umin)#'0.6 Å,23 and these numbers are comparable to
actual atomic image dimensions in Figs. 5 and 6. As no
above, Eq.~2! makes no special effort to suppress aber
tions due to the nonoptical nature of the electron-scatte
process. In all of the images in Fig. 6, the backscatter

atom along 1̄1̄0 and the1
2

1
2̄

1
2̄ and 1

2̄
1
2

1
2 side scattering atom

are reasonably well resolved, with experiment and the m
b-

l

e

o a

he
a
ng
e

e
d
-
g
g

re

accurate multiple-scattering theory showing the sharpest
tures for the backscattering atoms, and agreeing very w
with one another. In the experimental image of Figs. 5~a! and

6~a!, the 1
2

1
2̄

1
2̄ and 1

2̄
1
2

1
2 atoms are shifted in toward the emi

ter ~by '0.7 Å!, and downward from thez50 Å surface~by
'0.2 Å!; this is perhaps due to the strong anisotropies of
atomic-scattering factor and its phase shift for such si
scattering directions@cf. Figs. 4~b! and 4~c!#. As expected,
the backscattering 11̄̄0 atom is better resolved due to th
more ideal nature of electron backscattering@approximately
constant amplitude and phase shift, as shown also in F
6~b! and 6~c!#, with no significant position shift.6~a!,6~b! The
experimental backscattering image is also less inte
~'50%! than the side-scattering atomic images; and ima
intensities above and belowz523.5 Å have been scaled
accordingly ~with scale factors indicated directly on eac
panel!. This difference in relative image intensity is qualit
tively expected due to both the angular dependence in
scattering factor amplitude for lower energies@cf. Fig. 4~b!#
and the longer inelastic attenuation path of the wave fr
that illuminates, and is subsequently scattered by, the b
scattering atom, as compared to the wave-front paths
involve the side-scattering atoms. Despite these posi
shifts and aberrations, this experimental atomic image ov
all gives excellentab initio estimates of the positions of th
backscattering atoms surrounding the surface W~110! emitter
and good estimates of the positions of the side-scatte
atoms, which could, in principle, then be refined e.g. us
R-factor comparisons of experiment with model diffractio
calculations for various structures.9~c!,21,31
FIG. 6. As Fig. 5, but for the vertical (11̄2̄) plane. The positions of the scatterers~assuming no surface relaxation! are indicated
by circles.
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FIG. 7. W~110! atomic images obtained from experimental and theoretical W 4f bulk emissionx(k) data sets, in the vertical (11̄2̄)
plane, via method A. The bulk emitter site at the origin is indicated by dashed squares, and the positions of the scatterers are in
circles. The nearest and next-nearest scattering positions have been labeled in panel~a!. Axes are marked off in 1-Å units. Image intensitie
for z<21.5 Å have been rescaled, with the scale factors indicated on the figures.~a! Image reconstructed from the experimentalx(k) data
set of Fig. 3~c!. ~b! Image reconstructed from a theoretical single-scatteringx(k) data set.~c! Image reconstructed from a theoretic
multiple-scatteringx(k) data set.
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The single- and multiple-scattering images of Figs. 6~b!

and 6~c! are similar to experiment in that the12
1
2̄

1
2̄ and 1

2̄
1
2

1
2

side scatterers exhibit side lobes that are shifted in towa
the emitter, and downward from the surface. However,
theoretical side-scattering atomic images of Figs. 6~b! and
6~c! differ from those of Fig. 6~a! in that the theoretica
image peaks are split. This splitting may be due to a num
of reasons, among them the differences between the the
ical and actual photoemitted source-wave angular distr
tions and atomic-scattering factors. Yet, these single-
multiple-scattering models produce other image features
rather closely match the experimental image of Fig. 6~a! in
the side-scattering region, even including the faint abe
tions seen at (x,z)'(64 Å, 0 Å). The most marked differ-
ence between the experimental image of Fig. 6~a! and the
single-scattering image of Fig. 6~b! is the triply split back-
scattering 1̄1̄0 atom in the latter, which is also very muc

weaker in intensity~'1%! relative to the side scattering12
1
2̄

1
2̄

and 1
2̄

1
2

1
2 peaks. This difference must be primarily due to t

oversimplification of the single-scattering model, as seen
comparing Figs. 6~b! and 6~c!, for which the agreement is
excellent. For example, in the multiple-scattering image
Fig. 6~c!, the backscattering 11̄̄0 peak intensity relative to

the side scattering12
1
2̄

1
2̄ and 1

2̄
1
2

1
2 peaks~'33%! is very close

to that of Fig. 6~a! ~'50%!. This dramatic difference be
tween single and multiple scattering can arise because
of the atoms in the multiple-scattering model becomes
emitter, which can then illuminate the atoms surrounding
especially the atom located at the 11̄̄0 relative position. In
ds
e
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et-
-
d
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-

y

f

ch
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t,

this way more scattering events contribute to the backsca
ing signal in the resulting holographicx~k! intensities, and as

such the reconstructed 11̄̄0 atomic intensity can be muc
stronger for the image reconstructed from the multip
scattering model than that from the single-scattering mo
Thus, the closer match between Fig. 6~c! and the experimen-
tal image of Fig. 6~a! graphically illustrates that multiple
scattering more accurately describes the nature of the
ation of the experimental holographic photoelectr
intensitiesI (k). This is all the more noteworthy in view o
the fact that such a multiple wave-vector volume transform
known to suppress multiple-scattering effects,3~b! obviously
there is not a complete suppression, even with this large
set.

Atomic images were also reconstructed from the exp
mental bulk emissionx~k! of Fig. 3~c!, as well as from the-
oretical single- and multiple-scattering bulk emissionx~k!’s.
Figures 7–9 show these experimental and theoretical ima

reconstructed via method A@Eq. ~2!# in the vertical (1̄12̄),

(1̄10), and~001! planes, respectively. Immediately appare
in all of the experimental and theoretical images of Fig
7–9~a! is the lack of a clear backscattering 11̄̄0 atomic im-
age. The faint features spaced at'0.9 Å intervals along the

@ 1̄1̄0# direction are, in fact, alias peaks that arise from t
Fourier transformlike properties of Eq.~2!.24 Because of the
finite amount of volume enclosed by thex~k! data set ink
space, these spurious peaks are expected atp/(kmax2kmin)
5p/(7.4523.85 Å21)50.871 Å intervals along low-index
backscattering directions~i.e., @ 1̄1̄0#!. These alias peaks ar
FIG. 8. As Fig. 7, but for the vertical (11̄0) plane.
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FIG. 9. As Fig. 7, but for the vertical~001! plane.
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also faintly evident along the@01̄0# and@ 1̄00# directions in
the experimental~001! plane image of Fig. 9~a!. Aside from
these alias backscattering peaks, no appreciable backsc
ing or side-scattering atomic images are seen in the exp
mental images of Figs. 7–9~a!, as well as the theoretica
images of Figs. 7–9~b! and 9~c!. This is simply due to the
much stronger forward-scattering amplitudes, which cau
the contribution of the forward-scattering atoms to domin
the x~k! intensities, thus leading them to be preferentia
imaged, as seen in previous studies of bulk Cu~001!.32 The
form of the scattering-factor amplitudes in Fig. 4~b! makes it
clear why this is true as well: forward scattering is;6–8
times stronger than back scattering over the energy inte
involved here. As expected from the comparison of the
perimental and theoretical surface-emission images ab
the relative intensities of the experimental backscattering
ages for the bulk emission case~even though for the mos
part merely artifactual! are better reproduced in the multiple
scattering model images of Figs. 7~c!–9~c!, as the relative
backscattering intensities in the single-scattering image
Figs. 7~b!–9~b! are much weaker.

Considering now the image features in the forwa
scattering directions, we note that, for the (11̄2̄) plane im-
ages of Fig. 7, there are three forward-scattering artifact
the experimental image of Fig. 7~a!, approximately 3 Å from
the emitter and along the@131#, @110#, and@311̄# directions,
which do not correspond to actual atomic locations. Th
artifacts are weak compared to the features seen in the o
(1̄10) and~001! plane images of Figs. 8 and 9. That is, the
artifacts in the (1̄12̄) plane are only'3 times more intense
than the backscattering alias peaks discussed above,
ter-
ri-

es
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-
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-
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-
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e
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e

m-

pared to the forward-scattering features in the (11̄0) and
~001! planes, which are, respectively,'6 and '10 times
more intense than the backscattering alias peaks. The art
along the@110# direction can be seen in the single-scatteri
image of Fig. 7~b!, and faint indications of the@131# and

@311̄# artifacts can also be found. The artifacts along t

@131# and @311̄# directions dominate the multiple-scatterin
image of Fig. 7~c!, but the artifact along the@110# direction
is now only faintly discernible. Thus, the single- an
multiple-scattering images are in reasonably good agreem
with the experimental image of Fig. 7~a!, differing only in
the relative intensities of the artifacts along the@110#, @131#,

and @311̄# directions.
The differences between the experimental, single- a

multiple- and forward-scattering atomic images in the (11̄0)
and~001! planes~Figs. 8 and 9! are less apparent than for th
case of the (1̄12̄) plane images of Fig. 7. Note here that th
(1̄10) plane is special for a bulk emitter in that it contai
the nearest-neighbor forward-scattering atoms that are
pected to be the strongest features in the holographic ima
Previous studies have demonstrated that single-scatte
models can adequately reproduce the features see
forward-scattering atomic images reconstructed from b
systems, even though they often exhibit elongation roug
parallel to the scattering direction,9~a! but we see here that th
bulk atomic images reconstructed from multiple-scatter
models do not differ greatly from images obtained from e
periment and single-scattering models. This could be du
both inelastic attenuation and elastic scattering of the ph
electron wave fronts, such that higher-order multip
e
its. Image
rs
FIG. 10. Simple1
2̄

1
2

1
2 and 1

2
1
2

1
2 forward-scattering W cluster, for which images have been derived as:~a! Atomic image obtained from a

theoretical single-scattering W 4f x(k) data set calculated for this cluster, in the vertical (11̄0) plane, via method A. The emitter site at th
origin is indicated by dashed squares, and the positions of the scatterers are indicated by circles. Axes are marked off in 1-Å un
intensities have been rescaled relative to the same standard maximum in this panel~51.0! for both Figs. 10 and 11, with the scale facto
indicated.~b! As ~a!, but in the~001! plane and with a scale factor of 1.7.
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FIG. 11. As Fig. 10, but for a 100 and 010 forward-scattering W cluster.~a! Image in the vertical (1̄10) plane, with a scale factor of 3.0
~b! Image in the vertical~001! plane, with a scale factor of 1.8.
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scattering events deep in the bulk do not contribute muc
the I (k) intensities measured above the sample; instead,
majority of theI (k) signal that originates from deeply burie
emitters comes from lower-order multiple-scatteri
events.33

Note also that the only nearest-neighboring forwa
scattering atoms imaged inanyof these experimental or the

oretical bulk-emission images are the1
2̄

1
2

1
2 and 1

2
1
2

1
2 atoms, as

seen in the (1̄10) plane images of Fig. 8. Neither the 100
the symmetry-equivalent 010 forward-scattering atoms
visible in the experimental or theoretical~001! plane images
of Fig. 9. The cause of this preferential imaging of the (11̄0)
plane atoms, as well as the strong double-peak artifacts
the origin in the (1̄10) and~001! planes, located in the hori
zontal ~110! plane of the emitter and approximately 0.7
away from the emitter, is discussed below.

As noted before, Fig. 4~b! shows the W scattering-facto
magnitudes forkmin53.85 Å21 and kmax57.45 Å21 photo-
electrons. Note that the forward-scattering peak is quite n
row, having a half angle at half-maximum amplitude of a
proximately 30° for kmin53.85 Å21 photoelectrons, and
approximately 15° forkmax57.45 Å21 photoelectrons. While
it is the presence of these forward-scattering peaks
causes the preferential scattering from, and subsequent im
ing of, forward-scattering atoms, we demonstrate more qu
titatively in Figs. 10 and 11 how this narrow angular wid
of the forward-scattering peak also causes the prefere
imaging of forward-scattering atoms nearest to the azimu
axis ~i.e., the surface normal! of the x~k! data set.

The panels to the left of Figs. 10~a! and 11~a! show the
geometry of two small W clusters. The geometry for Fig.

is a single W photoemitter, with only12̄
1
2

1
2 and 1

2
1
2

1
2 W scat-

terers in the (1̄10) plane. The geometry for Fig. 11 is
single W photoemitter, with only 100 and 010 forwar
scattering atoms in the~001! plane. Single-scatteringx~k!
intensities were calculated for both of these simple W cl
ters, and images reconstructed from these theoreticalx~k!

data sets using method A in the (11̄0) and~001! planes are
shown in Figs. 10~a! and 10~b! and 11~a! and 11~b!, respec-
tively. The intensities of all the images of Figs. 10~a! and
10~b! and 11~a! and 11~b! have been rescaled relative to ea
other to yield the same maximum-to-minimum gray sca
these relative scale factors are indicated on each image,
that in the most intense image of Fig. 10~a! being arbitrarily
set to 1.0.

Figures 10~a! and 10~b! show the (1̄10) and~001! plane
to
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;
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image reconstructions of the cluster with only1
2̄

1
2

1
2 and 1

2
1
2

1
2

scatterers. Note that while the12̄
1
2

1
2 and 1

2
1
2

1
2 atomic images

are clearly and strongly visible in the (11̄0) plane containing
these atoms, these atoms produce spurious images in
~001! plane, notably the strong features located appro
mately 0.7 Å to either side of the emitter along the horizon

~110! plane. Figures 11~a! and 11~b! show the (1̄10) and
~001! plane image reconstructions of the cluster with on
100 and 010 scatterers. The 100 and 010 atomic images
again clearly visible in the~100! plane containing these at
oms, and these atoms also produce similar near-emitter
facts in the (1̄10) plane. These near-emitter artifacts are a
similar to those that appear in the experimental and theo
ical bulk-emitter images of Figs. 7–9. These near-emi
artifacts are thus not caused by incompleteI (k) background
subtraction, but are simply extraneous reconstructed feat

of the forward-scattering12̄
1
2

1
2 , 1

2
1
2

1
2, 100, and 010 atoms.

Note also that the 100 and 010 atomic images in the~001!
plane@Fig. 11~b!#, are;1.8 times less intense than those

the 1
2̄

1
2

1
2 and 1

2
1
2

1
2 atomic images in the (11̄0) plane@Fig.

10~a!#. This can be understood from the narrowness of
forward-scattering maxima of the W scattering factor,
shown in Fig. 4~b!. Since thex~k! data set spans a pola
angle range of 40°<u<90° as measured within the surfac
this means that the strong forward-scattering diffraction f

tures of the1
2̄

1
2

1
2 and 1

2
1
2

1
2 atoms~which lie along the@ 1̄11#

and @111# directions! will be well within this polar-angle
range, as the angle between@ 1̄11# ~or @111#! and the normal

@110# direction isu
@ 1̄11#

@110#
'35.3°. In contrast, nearly half o

the forward-scattering diffraction features of the 100 and 0
atoms~which lie along the@100# and @010# directions! will
be outside of this polar-angle range, as the angle betw
@100# ~or @010#! and the normal@110# direction is u@100#

@110#

545°.
Thus, the preferential imaging of the nearest-neigh

1
2̄

1
2

1
2 and 1

2
1
2

1
2 forward scatterers can be understood by

localization of their strongest forward-scattering diffractio
features within the polar-angle range of thisx~k! data
set.16,17The absence of the atomic images of the 100 and
forward-scattering atoms in Fig. 9 is merely due to a port
of their forward-scattering diffraction features lying outsid
the polar-angle range of thisx~k! data set. This also explain
the total absence of any side-scattering atomic-image
tures, as their forward-scattering diffraction features lie w
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outside of the polar-angle range of thex~k! data set. Any
low-energy photoelectron diffraction data set is thus
pected to exhibit qualitatively similar effects due to electr
refraction at the innerpotential surface barrier, even if
experimental data is initially taken down to very low takeo
angles with respect to the surface.

Thus, imaging forward-scattering atoms are dependen
whether their strong forward-scattering diffraction featu
lie within the x~k! data-set polar-angle range. In additio
due to the strong, nonoptical nature of forward scatter
@nonconstant amplitude and phase shift, as shown in F
4~b! and 4~c!#, these forward-scattering atomic images a
expected to be less ideal than those of backscattering at
For imaging backscattering atoms from overlayer and s
face systems, it has thus been shown to be of benefi
exclude the forward-scattering regions of the surface
near-surface plane atoms, in order to retrieve only the m
ideal optical backscattering information of atoms that
more nearly below emitter sites.5 More recently, there has
also been a proposal to image even forward-scattering at
by means of their more ideal side-scattering contributions
experimentally keeping the angle between the incident po
ized radiation and the photoelectron detector small, such
the detector is kept near the photoexcitation cross-sec
node that exists, for example, for emission froms subshells,
and to a lesser degree for emission from non-s subshells.34

This has the effect of suppressing the strong contribution
forward scattering, and putting more emphasis on the s
scattering contributions from these forward-scattering ato
However, it is clear that this method would not work for a
atoms, levels, and wave vectors, as the photoelectric c
sections for W in Fig. 4~a! are very nearly uniform in ampli-
tude.

V. COMPARISON OF ATOMIC IMAGES OBTAINED
FROM DIFFERENT RECONSTRUCTION ALGORITHMS

There have been various modifications to the ba
optical-reconstruction algorithm of method A@Eq. ~2!#, and
to the definition of the reconstruction integral itself, in ord
to account for the nonoptical nature of electron scattering
which four methods will be discussed here. The first of the
which we will call method Ã, is a straightforward attempt to
remove the effects of the complex electron-scattering fa
f (Q r8

k ) by dividing it out in the transform kernel. This ha
been termed the scattered-wave included Fourier transf
by Tonneret al.,4 and it can be written as

UÃ~r 8![E E E
K
dk

e2 i ~k•r82kr8!

f ~Q r8
k

!
x~k!. ~3!

Carrying out this transform implies knowing the identity
the scatterer to be imaged in each region of space, so
f (Q r8

k ) can be uniquely defined. For the present case, th
trivial, since all scatterers are W atoms and can be assu
to be identical.@A more refined treatment might consid
surface atoms to have a different scattering factor, since
are not uniformly surrounded by neighbors, but this type
correction has not been found to be necessary in the ana
of LEED data over a similar energy range.21~b!# We note here
also that we have not allowed for any effects due to inela
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attenuation or vibrational~Debye-Waller! effects, although
these could, in principle, also be included in a more gene
type of f (Q r8

k ). An additional effect that could be included i
a more generalf (Q r8

k ) is an anisotropy in the outgoing pho
toelectron wave~source-wave anisotropy!, but the cross sec
tions in Fig. 4~a! do not make this seem like a major corre
tion for the case at hand.

A second method~method B! for improving atomic-
image fidelity is to utilize only thek-space regions inx~k!
where the photoemitted source wave is most stationary,
the electronf (Q r8

k ) is most optical-like for specific atomic
positions. This general approach was first used in hi
energy photoelectron holography of near-forward scatter
atoms by Thevuthasanet al.,5 but it has more recently bee
applied to low-energy studies of backscattering atoms
Tong et al.,6~a! and Wu and Lapeyre.6~b! Since the electron-
scattering factor magnitude and phase are roughly cons
for backscattering directions (Q r8

k '180°),6,22 x~k! regions

in a cone of half-anglea'30° centered onk̂52 r̂ 8 direc-
tions are used in reconstructing atoms directly beneath
photoemitter site. For the present case, as illustrated in F
4~b! and 4~c!, these simplifying assumptions are at lea
partly true: the magnitude off is actually fairly strongly
varying in the backscattering direction, but the phaseC is
quite constant. Thus, this ‘‘small-cone’’ algorithm uses t
usual optical reconstruction kernelei (k•r82kr8), but as multi-
plied by a window functionw(Q2r8

k ), which is equal to
unity whenQ2r8

k <a, and is zero elsewhere ink space:

UB~r 8![E E E
K
dk e2 i ~k•r82kr8!w~Q2r

k !/x~k!. ~4!

A Hanning window function of the formwHanning(Q2r8
k )

[cos2(p•Q2r8
k /a) has been used in some implementatio

of Eq. ~4!,6~c!,6~d! but here, as in the first uses of metho
B,9~a!,9~b! the step functionw(Q2r8

k ) window function was
used.

A third algorithm ~method C! due to Rous and Rubin7

recognizes the quantum-mechanical nature of the elec
wave front propagating in the bulk, and describes it in ter
of the Lippman-Schwinger equation and the first Born a
proximation. In the form that can be most directly related
Eq. ~2!, this quantum mechanically based reconstruction
gorithm is given by:

UC~r 8![
d

dr H r 8 ReF E E E
K
dk e2 i ~k•r82kr8!x~k!G J .

~5!

Here, the integral onK[dk is just UA(r 8), but additional
operations are performed on its real part only in arriving
UC(r 8).

The final reconstruction algorithm~method D! considered
here is due to Hoffmanet al.8~a! and is not strictly speaking
holographic in nature. But it is a so-called ‘‘direct method
for analyzing photoelectron diffraction data so as to estim
atomic positions, usually of backscattering atoms un
adsorbates.8~b! Its form is given by
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FIG. 12. W~110! atomic images obtained in the vertical (11̄2̄) plane from the experimental W 4f surface emissionx(k) data set of Fig.

2~c!, via methodsÃ– D, as defined in the text.~a! Method Ã. ~b! Method B.~c! Method C.~d! Method D. The surface-emitter site at th
origin is indicated by dashed squares, and the positions of the scatterers~assuming no surface relaxation! are indicated by circles. The neare
and next-nearest scattering positions have been labeled in panel~a!. Axes are marked off in 1-Å units. Image intensities forz<23.5 Å have
been rescaled@with the exception of~c! and ~d!#, with the scale factors indicated on the figures.
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r as
UD~r 8!5(
k̂

Ds k̂ expF r 8E
k
dk x theory~k,r 8!x~k!G , ~6!

whereDsk is a weighting factor for data taken along ea
direction that is usually treated as a constant, a
x theory(k,r 8) is calculated via a single-scattering model fro

x theory~k,r 8!5ReFe2 i ~k•r82kr8!

kr8
f ~Q r8

k
!G . ~7!

Calculatingx theory(k,r 8) thus again requires a knowledge
the atomic identity of each scatterer in order for the scat
ing factor to be uniquely specified. Thus, Eq.~6! is a redefi-
nition of the reconstruction integral of Eq.~2!, but it still
relies on the orthogonality of a theoretically calculat
single-scattering modelx theory(k,r 8) with the experimental
x~k!, whose exponentiated dot product overk space as de
fined above will tend to produce image-intensity peaks
atomic positions. This method inherently assumes individ
fine-step scans of intensity with photon energy over
rangek of the integral, and then a coarse sum over directi
k̂, as weighted ideally by the solid angleDs k̂, which each
subtends: that is, this method involves taking data in w
can be termed a ‘‘scanned-energy’’ mode.

Figures 12~a!–12~d! show the reconstructed atomic im
ages in the vertical (11̄2̄) plane obtained from applying th
reconstruction algorithms of Eqs.~3!–~6! ~methods Ã–D,
respectively! to the experimentalsurfaceemissionx~k! of
Fig. 2~c!, and these can be compared to Fig. 6~a! ~method A!.

In Fig. 12~a!, based upon method A˜ @Eq. ~3!#, the back-

scattering 1̄1̄0 image is still less intense than the1
2̄

1
2̄

1
2̄ and

1
2̄

1
2

1
2 side scatterers, and is surprisingly even more differ

~'1
3! compared to the case in Fig. 6~a! ~'1

2! based on method
A with no correction for scattering factor. This remainin
difference in relative intensity can be explained from the f
that Eq. ~3! still does not correct for the difference in th
attenuation paths of the wave fronts involving these ato
sites, nor for intensity changes due to vibrational attenua

or multiple scattering, as discussed above. Also, the1
2

1
2̄

1
2̄ and

1
2̄

1
2

1
2 atomic images are still shifted in towards the emitt

and downward, by essentially the same amounts as in
image derived from method A. Thus, the theoretical scat
d

r-

t
al
e
s

t

t

t

ic
n

,
he
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ing factor f (Q r8
k ) may not be sufficiently accurate to describ

the actual effective scattering factor for this system~particu-
larly in the side-scattering direction!, while other effects in-
volving anisotropies of the source wave, as well as inela
scattering, vibrational attenuation, and multiple scatteri
also may be involved. The potential importance of such
ditional effects is also illustrated by the fact that the sing
and multiple-scattering images of Figs. 6~b! and 6~c!, de-
rived from model clusters containing the same theoret
scattering factor used in Eq.~3!, do not exactly reproduce th
experimental image of Fig. 6~a!. However, some weaker im

age artifacts in the region enclosed by the1
2

1
2̄

1
2̄ , 1

2̄
1
2

1
2 , and

1̄1̄0 atoms in Fig. 6~a! have been somewhat suppressed
Fig. 12~a!, thus suggesting that the theoretical scattering f
tor used in Eq.~3! does beneficially account for some of th
scattering anisotropy in this system. Further developmen
the application of method A˜ would involve refining the treat-
ment of the theoretical scattering factors~perhaps they are
different at the surface, for example!, as well as better ac
counting for the inelastic attenuation of direct and scatte
wave fronts~e.g., by using complex phase shifts!, explicitly
correcting for the wave vector and angular dependence of
photoemitted source wave~including itsd andg wave com-
ponents!, and allowing for vibrational effects.

Figure 12~b! shows the reconstructed atomic images o
tained via method B@Eq. ~4!#, where only the holographic
surface-atomx~k! intensities in a localized angular region o
the source wave and images corresponding to more ne
ideal backscattering regions are used in the imaging dec
volution process. Here, the backscattering 11̄̄0 image peak
does appear to be sharper, but it also has more extended
diffuse wings in this image compared to that of method A

Fig. 6~a!. The side scattering12
1
2̄

1
2̄ and 1

2̄
1
2

1
2 atomic images in

Fig. 12~b! are completely absent, but this is simply due to t
fact that the window functionw(Q2r8

k ) with half-anglea
530° lies outside the angular range of thex~k! data set,
which spans only 40°<u<90°. Thus, atoms along the side
scattering directions (u50°) simply cannot be imaged from
this data set via this method. Nor was this method propo
for imaging side-scattering atoms. The position of the 11̄̄0
atom is also essentially unchanged from Fig. 5~a!, so there is
no apparent advantage in method B for this case as fa
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FIG. 13. W~110! atomic images obtained in the vertical (11̄0) plane from the experimental W 4f bulk emissionx(k) data set of Fig.

3~c!, via methodsÃ– D. ~a! MethodÃ. ~b! Method B.~c! Method C.~d! Method D. The bulk emitter site at the origin is indicated by dash
squares, and the positions of the scatterers are indicated by circles. The nearest and next-nearest scattering positions have bee
panel~a!. Axes are marked off in 1-Å units. Image intensities forz<21.5 Å have been rescaled, with the scale factors indicated on
figures@with the exception of~c! and ~d!#.
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the
locating this atom accurately, even though the method
proposed for more accurately imaging backscattering ato
The limited size of the window function used in this meth
also must inherently reduce the resolution of the atomic
ages, and it is seen to create image aberrations along
low-index directions@ 1̄1̄0#, @ 1̄3̄1̄#, and@ 3̄1̄1#, as seen in a
prior analysis of this type of data;35 these aberrations includ
an expected broadening of the 11̄̄0 atomic image along the

@ 1̄11# direction. However, a positive feature of method B
that it does manage to reconstruct faintly discernible ima

for the 1
2̄

3
2̄

1
2̄ and 3

2̄
1
2̄

1
2 backscattering atoms that are bare

visible on this gray scale. Thus, method B may be sligh
better suited for the refinement of backscattering atomic
ages, but some loss of image resolution and the appear
of additional artifacts along low-index directions are inhere
disadvantages in this approach. It is thus not clear that it
any significant advantage over the straight use of method
or Ã.

Figure 12~c! shows the reconstructed atomic images o
tained via method C@Eq. ~5!#, where the quantum
mechanical nature of the propagation of electron wave fro
is accounted for in the imaging deconvolution process. T
backscattering 1̄1̄0 atom is a little more sharply defined i
this image, but has a position essentially identical to tha

Fig. 6~a! as derived using method A. The side scattering1
2

1
2̄

1
2̄

and 1
2̄

1
2

1
2 atomic images are a little less shifted in towards

emitter ~by only 0.3 Å!, as compared to either Fig. 6~a! or
Fig. 12~a!. These slight image improvements suggest that
correctly allowing for the propagation of electron wa
fronts may account for some of the atomic peak posit
shifts seen in Figs. 6~a! and 12~a!. However, these sligh
advantages do not compensate the fact that the backgr
level of image artifacts, especially around the forwa
scattering atoms, is significantly higher with method
Thus, although this method certainly deserves further tes
with experimental data, it does not appear to have signific
advantages over the simple optical transform of method

Figure 12~d! shows the reconstructed atomic images o
tained via method D@Eq. ~6!#, which is similar to Eq.~2! in
attempting to retrieve the object fieldu(r 8) via an orthogo-
nality relation, but this time between experimental intensit
x~k! and single-scattering model intensitiesx theory(k,r 8).
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The backscattering 11̄̄0 atom is located fairly well in this
image, but it is shifted vertically and does not seem to be
well located as with the other methods discussed previou

The side scattering12
1
2̄

1
2̄ and 1

2̄
1
2

1
2 atoms cannot be seen i

this image, as the reconstruction algorithm of Eq.~6! best
describes the correlation between backscatter
x theory(k,r 8) and x~k! contributions. Because the sam
atomic electron-scattering factors were used for both me
ods A and D, the corresponding atomic images of Figs. 12~a!
and 12~d! should show corrections for image aberrations a
position shifts that are of a comparable degree. It should
noted that method D has been used most successfull
imaging molecular adsorbates on surfaces,8 where the condi-
tions are probably better described by single-scattering t
is the case for the clean W~110! surface considered here. Th

slight position shift of the 1̄1̄0 atomic peak can be explaine
by the W scattering factors used in Eq.~7! and elsewhere in
this study@cf. comparable 1̄1̄0 position shift for the theoret-
ical image in Fig. 6~c!#.

Figures 13~a!–13~d! now show the reconstructed atom
images in the same vertical (11̄0) plane obtained from
applying the reconstruction algorithms of Eqs.~3!–~6!
~methods Ã–D! to the experimentalbulk emissionx~k! of
Fig. 3~c!. These can be compared to Fig. 8~a! ~method A!.
Because methods B and D have been developed specifi
to treat backscattering atoms, we do not expect them to
form particularly well for this forward-scattering dominate
case, but they are included for completeness and to
whether they are able in any case to resolve something f
the backscattering atoms. In Figs. 13~a!–13~d!, there are no

convincingly strong1
2̄

1
2̄

1
2̄ and 1

2̄
1
2̄

1
2 backscattering atomic im

ages visible~except for features that coincide with alia
peaks along the@ 1̄1̄0# direction, as discussed earlier in Fig
7–9!, especially as compared to the stronger forwa
scattering image features. Figures 13~c! and 13~d! seem to

show no resolvable images for the1
2̄

1
2̄

1
2̄ and 1

2̄
1
2̄

1
2 atoms.

Figure 13~a! shows the reconstructed atomic images o
tained via method A˜ @Eq. ~3!#. The forward-scattering fea
tures here are not noticeably shifted closer towards their

tual locations~ 1
2̄

1
2

1
2 and 1

2
1
2

1
2! as compared to Fig. 8~a! with

no scattered-wave correction. This suggests that either
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forward-scattering features in this plane are purely artifac
and not associated with an actual atomic image, or that th
features are shifted from their actual locations due to ad
tional effects~e.g., source-wave anisotropy, multiple scatt
ing, etc.! that cannot be accounted for by a correction pro
dure involving single-scattering events.16,17 A similar
closeness in the surface-atom images between method

and Ã has already been noted in discussing Figs. 6~a! and
12~a!, where these additional complicating factors are d
cussed in more detail. It is also interesting that the lower h
of the image with scattered-wave correction is actua
weaker~> 1

10! as compared to that with no correction~>1
6!,

again qualitatively similar to the surface case. Figure 13~b!
shows the reconstructed atomic images obtained via me
B @Eq. ~4!#. Note that the forward-scattering features are n

greatly elongated along the@ 1̄11# and@111# directions. This
is to be expected, as forward-scattering atomic images
much more susceptible than backscattering images to
loss of radial resolution when the solid-angle range ofx~k!

data is limited by the cone defined byw(Q2r8
k ) ~here only

0.27p in width! in reconstructing images using th
technique.3~c!,20 This can be contrasted to the larger sol
angle range of the fullx~k! data set~0.71p! used with meth-

ods A, Ã, C, and D. Thus, the radial elongation of th
forward-scattering features in Fig. 13~b! suggests that thes
features are not purely artifactual in origin, but are rath

strongly shifted and elongated images of the1
2̄

1
2

1
2 and 1

2
1
2

1
2

atoms. One might even propose that they could be usefu
locating these atoms indirection relative to the emitter, even
though they yield no information ondistancefrom the emit-
ter. Figure 13~c! shows the reconstructed atomic images o
tained via method C@Eq. ~5!#. As seen here, method C seem

to shift the 1
2̄

1
2

1
2 and 1

2
1
2

1
2 forward-scattering atomic image

away from their actual locations of the atoms, as judg
relative to methods A or A˜ . These forward-scattering atom
peak-position shifts must arise in some part from ina
equately accounting for the quantum-mechanical propaga
of electron wave fronts. For example, using the first Bo
approximation in describing the scattering7 is quasioptical in
its approach.

In contrast to the images obtained from methods A˜ –C
@Figs. 13~a!–13~c!#, the reconstructed atomic image obtain
via method D@Fig. 13~d!# shows no forward-scattering fea
tures, but instead chiefly manages to retrieve the near-or
artifacts seen in Figs. 8~a! and 13~a!. The backscattering im
age atz'24.6 Å is actually related to the alias peak featur
seen in Figs. 7–9, and Figs. 13~a!–13~b!. The lack of
forward-scattering atomic images in Fig. 13~d! can be under-
stood by the fact that the integral in Eq.~6! is evaluated over
a range of wave vectors, but separately for each differ
direction. The path-length difference kernelei (k•r8;kr8) in
Eq. ~7! can be seen to be identical to unity for forward sc
terers ~i.e., k̂5 r̂ 8! along forward-scattering directions, an
have less modulations relative to backscatterers for o
scattering directions. Thus, the result of Eqs.~6! and~7! is to
emphasize backscattering atomic images more so
forward-scattering images. This is what this method w
originally formulated to do,8 and it is evidenced by its suc
al
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cess in retrieving the 11̄̄0 backscattering atomic peak in Fig
12~d!. This failure of method D to retrieve a backscatteri
image suggests that the backscattering signal in the b
emissionx~k! data set of Fig. 3~c! is far too weak to recon-
struct a backscattering atomic image, as compared to
stronger forward-scatteringx~k! components.

VI. CONCLUDING REMARKS

We have applied five of the currently used direct-imagi
algorithms for photoelectron holography to a large hig
quality experimental data set from W~110!, and to corre-
sponding theoretical simulations of this data set at both
single- and multiple-scattering levels. Separate hologra
were measured for both the surface and bulk atoms by m
ing use of the surface core-level shift. The five methods
an ‘‘optical’’ transform over the volume ink space spanned
by the data~method Ã!, the transform of A but with the
kernel modified to divide out the electron-atom scatter
factor ~method A!, the so-called ‘‘small-cone’’ transform
which focuses on imaging backscattering atoms~method B!,
a quantum-mechanically motivated transform~method C!,
and a nonholographic projection method that also focuse
backscattering atoms~method D!. In analyzing the experi-
mental data, we have introduced a general three-dimensi
I 0(k) background subtraction scheme ink space to better
normalize raw I (k) intensities, and compared the thre
dimensional atomic images that can be obtained via met
A from experiment and theory, and via the five reconstru
tion algorithms from experiment. The inclusion of multip
scattering in theory is needed with method A to adequa
predict the image of the nearest-neighbor backscatte
atom.

For a surface-atom emitter, methods A, A˜ , and C produce
comparable atomic images of backscattering and s
scattering atoms that could then, in principle, be refined
an unknown structure using conventional comparison
theory viaR-factor refinement. However, method C exhib
considerably more background noise that could hinder im
interpretation. In contrast, method B as applied to a surfa
atom emitter is somewhat more successful in retriev
backscattering atomic images, but these peaks also s
from some loss of image resolution, which is inherent
this algorithm, and it is also not possible to image the si
scattering atoms. Thus, it is not clear that method B ha
significant advantage in treating this data. Method D p
duces backscattering images for a surface emitter that
reasonably well defined.

As applied to a bulk emitter for which backscattering, si
scattering, and stronger forward scattering can all play a r
all five methods are found to produce poorly resolv
forward-scattering images. If peaks are seen at all in
region of image space, they are found to be elongated a
the z direction and/or the radial direction leading away fro
the emitter, and to be significantly shifted away from t
known atomic positions. Methods A and A˜ may have some
success with one forward-scattering image~the 110 atom!,
and method B may be able to determine thedirection of
forward scatterers, but not their distance from the emit
Method B is able to retrieve faintbackscatteringimages
from the forward-scattering-dominated bulk emissionx~k!
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data set, but it is not clear that these would be sufficien
strong to be useful in an unknown structure.

Overall, we thus find methods A and A˜ to be the most
robust overall for analyzing both surface and bulkx~k! data
sets from W~110!. Imaging backscattering and side
scattering atoms around surface or near-surface emitter
the most promising aspect of photoelectron holography, w
the amount of new structural information that can be deriv
from images of forward-scattering atoms above buried em
ters being very limited~at least with the presently available
imaging methods!. The photoelectron holographic image
derived here provide an approximate determination of t
structure surrounding the surface-, and to a lesser deg
bulk-emission sites of W~110!, and suggest the broader ap
plicability of this approach for surface-structure studies. Im
proving the imaging algorithms to more quantitatively allow
for the effects of source-wave anisotropy, inelastic attenu
tion, and vibrational effects is also desirable and possib
Thus, photoelectron holography holds the promise of prov
ing approximate starting structures to be followed by mo
y

is
h
d
t-

e
ee

-

a-
e.
-

e

conventional structure refinements via multiple-scatteri
calculations andR-factor refinement, with the significant ad
vantage of minimizing search times and avoiding gettin
trapped in localR-factor minima that are not the absolut
minima.
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