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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 phaseselative to a direct reference wayes 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 Wphotoemission from W10, 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 asaminitio technique for determining local-surface struc-
tures are also explorefiS0163-182609)08207-1

. INTRODUCTION reconstructed surfac8§:%®110 A significant advantage of
photoelectron holography is in being able, via core-level
Gabor originally proposed holography with electron binding-energy shifts, to study the local structure around
beams as an experimental scheme to directly record the ifgach type of emitter separately, and we make use of that
tensities and phases of diffraction patterns relative to a refSPect here. . L
erence wave frort Later, Szt observed that far-field pho- However, due to the nonideal nature of electron emission

toelectron and fluorescent x-ray diffraction patterns create nd scattering, atomic images obtained from all electron ho-
y P grams suffer from aberrations, artifacts, and position

by the interference between a direct u_nscatt_ered wave _frprghifts16—18 relative to, e.g., the more accurate atomic images
and wave fronts scattered by atoms neighboring the emittingypected from x-ray holograms; this is due to the more ideal
atom are also holographic in nathré\s both diffraction in- nature of the X-ray emission and Scattering proceggs{n;_
tensities and phases can thus be determined experimentaltjis paper, we will compare the most often-used reconstruc-
three-dimensional images of the superpositions of the atomition algorithms for photoelectron holography that attempt to
neighborhoods of each emitting site can then be directly obincrease atomic image fidelity by in some way suppressing
tained using various reconstruction algorithin$as experi- and/or directly accounting for the nonideal nature of
mentally demonstrated by now in photoelectron diffrac-electron-scattering processes. Preliminary theoretical com-
tion® Auger electron diffractio® Kikuchi-electron parisons have been made earlier between these different re-
backscattering® low-energy electron diffractiot? and pos-  construction algorithm& but to our knowledge this paper
itron diffraction® More recently, similar holographic imag- represents the first such comprehensive comparison of these
ing has been demonstrated experimentally in x-ray fluoresimaging methods as applied to a very large and high-quality
cence as weft*'® Some of the notable successes ofexperimental data set involving photoelectrons from both
photoelectron holography to date involve the determinatiorsurface and bulk atoms, as distinguished via their core-level
of the structures of adsorbate overlay®&?sX©11@:128 ang  shifts on the W110) surface.
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The W(110 surface represents an excellent test system (a)
for photoelectron holography, as it has been studied previ-
ously by various surface-structure probes, including low-
energy electron diffractidd®2® (LEED) and both
scanned-energ¥??%® and scanned-and®’ photoelectron
diffraction (PD). The surface is known to be unreconstructed,
and to have a surface-layer-to-second-layer distance that is
very little relaxed from the bulk distance, with LEED studies
yielding no relaxatiorf:@2%® or a 0.069-A inward relax-
ation of the surface layer relative to the bulk distafi¢@.A
similar analysis of scanned-energy PD data yields a 0.03-A
outward relaxatioft® to a 0.2-A outward relaxatiof!® and excitation___|
a more recent analysis of full-hemisphere scanned-angle PD radiation
data yields a 0.10-A outward relaxatiéff) To a sufficient
accuracy for modeling the photoelectron holograms for this
surface, we can thus assume no interlayer relaxation. A fur-
ther advantage of this surface for PD studies is that it exhib-
its a very large surface core-level shift of 320 meV relative

o

T
N

to the bulk. Thus, the emission from both the outermost sur-
face layer(an “adsorbate” layer in which backscattering and E
side scattering are dominar@gnd the underlying bulk layers 8~
[a three-dimensiondBD) lattice in which forward scattering 5 %
is dominant can be distinguished in a high-resolution spec- *g:
trum, and the resulting holograms used to generate separate T
images of their near-neighbor atoms. Finally, studying W 5
should provide a critical test of theory, in that this high- & I
scatterer should lead to highly anisotropic atomic scattering -32.0 -31.6 -31.2
and strong multiple-scattering effects. binding energy (eV)
FIG. 1. (a) Experimental geometry, including the orientation of
Il. EXPERIMENTAL DETERMINATION the_sample(whe_rer‘_\ is the syrface no_rm}_alwith res_,pe_ct to the
OF NORMALIZED HOLOGRAMS horizontal polarization vectorg] of the incident excitation radia-

tion hv, and the exit photoelectron directidn The angle between

Photoelectron diffraction data from clean(¥10 were the incident photons and the emitted photoelectrons, as detected by
collected at undulator beamline 7.0 of the Advanced Lighta hemispherical analyzer, is fixed at 60°. The polar takeoff afigle
Source at the Lawrence Berkeley National Laboratory, usings varied by rotating the sample about an axis lying in the surface
a hemispherical analyzer in the UltraESCA end station. Thé&nd in the plane containirgandk; the azimuthal anglé is varied
experimental geometry is shown in Figial, the incidence by rotating aboutf\. (b) Typical W 4f,,, x-ray photoelectron spec-
direction, the outgoing photoelectrdnvector, and the sur- trum from W(110), indicating the surface and bulk core-level-
face normal are coplanar in the plane of the figure. Thefw 4 shifted gontrlbut!ons used to generate the holograptky intensity
photoelectron peak can be resolved into surface and bulffat@ points of Figs. 2 and 3.
core-level shifted components, as shown in Fifh)1For
each energy and direction studied, the W geak was re- (Ref. 29 to yield electron wave vectorand directions be-
solved into surface and bulk emission components by inteneath the surface of the sample. Thus, data was omitted for
grating the areas under the higher and lower flanks of théhe lower polar angles that would lie below the lowest com-
photoemission surface and bulk W peaks, respectively, as mon polar angle ob=40° after the inner potential correc-
shown by the shaded areas in Figb)l Such photoelectron tion. Due to the strong atomic scattering of electrons
spectra were measured for kinetic energies Bf (as compared, e.g., to fluorescent x-paybe anisotropy of
=41-197 eV(wave vectork=3.3—-7.2 A1), and collected the raw I(k) data, defined as\1/lo=(lnax—Imin)/lo and
over a polar takeoff angle range of M¥<90°=normal ~30% is easily discernible with this gray scale. This can be
emission. These data points were measured at wave vectepmpared to raw(k) data for fluorescent x rays, which has
intervals corresponding t6k=0.1A"1, and angular inter- anisotropies about two orders of magnitude féss.
vals of (66,8¢)=(3°,3°/cost) corresponding to roughly Before atomic images can be reconstructed from these
equal solid-angle elements, making a total of 12 280 uniqué(k) data sets, normalized holographic intensities were ob-
measurements in a symmetry-reduceaf the total solid tained viay(k)=[1(k)—14(k)]/VIo(k), wherely(k) is the
angle above the sample. intensity that would be measured in the absence of atomic

Figures 2a) and 3a) show cut awayk space volume rep- scattering(i.e., the intensity of the reference wave, including
resentations of the surface and buik) data sets, respec- any modulations due to geometrical excitation or instrumen-
tively. The vertical scale is photoelectron wave vector, rangial effectg. Dividing b I?gk) in deriving (k) has also been
ing from k=3.85 to 7.45 A (kinetic energy isE=56 to  done in some studi@g)'gd 110 byt in practice, we find there
211 eV), and the polar angles range from 409<90°, as is little difference in the final holographic images between
adjusted using an inner potential correction \6g§=14V  this choice and dividing bw/ly(k). In practice, thisly(k)
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(a) Raw I(k) (b) Fittted Io(k) (c) Normalized (k)

KE (eV)
211
120
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FIG. 2. k-space volume representations of the intensity data sets for surfack Merission. Wave vectorertical scalg¢ and polar
angles(horizontal scalghave here all been adjusted to be inside the surface, using an inner poteMjat o8 V. (a) Raw (k) data set.
(b) 15(k) as determined by a least-squares fit in wave vector and polar angle @)Eq the rawl (k) intensities of(a). (c) The normalized
x(k) data set, as determined by the removal of the experimentally deri¢kll of (b).

background must be deduced somehow from experimentalot consistent with the optimal use of the holographic meth-
I (k) intensities, and we do it here by fitting a low-order odology. As a consequence, the normalizatiom(&) inten-
polynomial in wave vectok and polar angled to the full  sities should ideally be made via the determination of a gen-
I (k) data set: eral Io(k) background that depends on wave vector and
s 3 direction [such as that in Eq(l)], rather than determined
1o(K) = agg m21 nZl a, k™cog (2n—1)6]. B 225arately for each wave vector or direction in ki) data
Figures 2b) and 3b) show the surface and bulky(k)
Here, the coefficienta,,, are determined by a least-squaresfunctions as determined by applying the wave vector and
fit to 1(k). This is qualitatively similar to some prior normal- polar angle fit of Eq(1) to the raw surface and bulk photo-
ization schemes that subtratj(k) as the low-frequency electron diffractionl (k) data sets of Figs.(a) and 3a),
Fourier components of ral(k) data set§® 4215392 Byt yagpectively. Figures(2) and 3c) then show they(k) func-
this three-dimensional determination bf(k) is distinctly  tions obtained from the raw(k) intensities of Figs. @) and
different from previous methods for determining(k) in 3(a), using the wave vector and angle ffi{k) of Figs. 2b)
which simple linear, low-order polynomial, or spline fits and 3b). These data points were then remapped onto a grid
were separately made for each set of different wave vectorgf sk=0.1 A" and (56,8¢)=(5°,5°) over the rangek
along a given directionti(k) [Refs. 9a), 9(c), and 9d)] or  =3.85-7.45 K1 (E=56-211¢eV and 40%< §<90°, for a
each set of different directions at a given wave vedtg(k) final total of 6697 unique intensities in the symmetry-
[Refs. 9b) and 9e)]. Such separate normalizations within reduced 1/4 of the solid angle above the sample. Tlyéke
each scanned-energy or scanned-angle set of data pointsdata steps, while coarser than the data steps of thd (law
I (k) arose from the historical development of photoelectrordata sets, are still fine enough to ensure images free of
holography, in which data tended to be collected withcoarse-sampling aliases and aberrations to withnA from
k-space resolution that was either fine-in-direction/coarse-inthe emitting site$?
wave vector or coarse-in-direction/fine-in-wave veéfor. A choice of (m,n)=<(3,3) for the coefficients used to fit
There has, in fact, been a recent proposal to consider the$g(k) was found to be sufficient to subtract out any detrimen-
k-space sampling choices as distinct holographic atomital artifacts at the origin, with higher-ordém,n coefficients
structure probe¥? but these choices simply represent ex-for 14(k) not significantly improving the fidelity of the
tremes of a continuous range lofspace sampling, of which atomic images in the reconstruction volume of interest. Al-
the optimal choice has been shown to be in the intermediatdhough some polar-angle dependent structure is noticeable in
range of roughly equally resolved direction and wave-vectothe surfacel 5(k) background of Fig. @), in particular a
data stepd®?* Thus, this distinctioff® seems artificial, and peak along the normal and a ring at smaller angles, these

(b) Fitted Io(k) (c) Normalized (k)

(a) Raw l(k)*g

FIG. 3. As Fig. 2, but for bulk W 4, emission.
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(a) photoelectric cross sections 95 =211eV): (a) the W 4f differential photoelectric cross sec-
k=385A1 (E=56eV) k=7.45A1 (E=211eV) tions do/d(), and W-atom scattering factdb) magnitudes
. o IS N |£(®%)| and(c) phasesy(0F). As a first point, the differen-

0° 1807 0° . . . . . .
R o g e mﬁm tial cross section is reasonably isotropic over this energy

range, suggesting that photoelectrsource-waveanisotro-

(b) scattering factor magnitudes | A©)| pies should not affect holographic images too seriously.
k=3.1 ( = 566V) k=7.45A1 (E=211eV) However, a correct allowance for such source-wave effects
N

would also deal with the amplitudes and phases oftthed

180 \QA:{ g final-state channels involved Jeading to potentially more
complex effects on holographic images that we will not con-

() scattering factor phases y(@) sider here. As far ascattered-waveffects are concerned, it
k=385A1 (E=56eV) k=7.45A1 (E=211eV) is clear that both the W scattering factor magnitudes and

phases of Figs. (%) and 4c) are strongly anisotropic com-
pared to the more ideal scattering nature of x ray$,and
that these anisotropies could adversely affect the resulting
reconstructed atomic images, introducing aberrations and po-
FIG. 4. The angular dependence of important theoretical quansition shifts*~*# We will consider correcting for such scat-
tities, as evaluated at the two extreme internal wave ve¢kanstic tered wave effects below.
energies of the experimental data setk,;,=3.85A"! (E The clusters used for simulating surface and bulk emis-
=56eV) andk,,=7.45A"1 (E=211eV). (a) The W 4f differ- sion considered here consisted of 72 and 64 atoms, respec-
ential photoelectric cross sectiaier/d(), as a function of emission tively, and were chosen in order to include all events down
angle with respect to the radiation polarization directiém.The W to a 2% cutoff of all multiple-scattered wave-front contribu-
scattering factor magnitudgf(®y|], as a function of the photo- tions to the detected intensity in the far fiékDebye-Waller
electron scattering angl®;. Here, ©=0° is the forward- effects based on correlated vibrations and corresponding to a
scattering direction, an@®*=180° is the backscattering direction. sample temperature of 300 K were included, as were inelas-
(c) The scattering phase shift(®y), again as a function of scat- tjc attenuation effects, with the inelastic attenuation lengths
tering angle. calculated using the method developed by Tanuma, Powell,
and Penri and ranging from 1.71 A &k,,;,=3.85A"* to
features do not transform so as to correspond to any sort af 42 A atk,,,,=7.45A"1. The detector full angle of accep-
atomic image.(From an experimental point of view, such tance was taken to be 3°, and the geometry between the
features can result from purely instrumental effects associncident radiation polarization, sample, and detector was
ated with nonperfect alignment of the focused light beam angdentical to the experimental setup of Figal These theo-
the electron spectrometer acceptance on the sample suirfacgstical photoemission intensities were then also normalized
This was verified by applying the reconstruction algorithm ofusing the wave vector and direction normalization scheme of
method A to thd o(k) data set of Fig. @), whichis foundto  Eq. ().
result merely in the expected spurious image intensity at the

origin, which is then removed from the final images with the IV. DETERMINATION OF ATOMIC IMAGES FROM

subtraction ofl o(k). Of course, if the sum in Eql) were  gypepENTAL AND THEORETICAL  x(k) DATA SETS
taken to sufficiently high order, true holographic structure

would begin to be removed in subtractihg(k), but we are Once the normalized holographjgk) intensities have
well short of this point in all of our analyses. been obtained from either experiment or theory, atomic im-
agesU(r’) can then be reconstructed via several methods

that we now review. The simplest of these is denoted here as
I1l. GENERATION OF THEORETICAL method A3

DIFFRACTION PATTERNS

F(_)r comparison with gxperlment, single-scattering and UA(F')EJ f f dkefi(k-r’fkr’)X(k)’ )
multiple-scattering theoretical models were used to calculate K

surface and bulk emissidrik)’s from W(110) clusters. The

Rehr-Albers separable Green’s function approach was usedld it is a deconvolution transform with a path-length-
to describe the scatterif§.This was first implemented in difference kernek! "' =) with K representing the appro-
photoelectron diffraction calculations by Kaduwela, Fried-priate limits on emission angle and wave-vector magnitude.
man, and Fadle¥ and a faster algorithm employing it has This kernel assumes an outgoing source wavedafaracter,
recently been developed by Chen, Wu, and Shitfyand  weaks-wave electron-atom scattering, and a negligible, or at
further expanded more recent® The calculations re- least small, scattering phase shift, and can be thought of as
ported here made use of this newer and faster program. Than “optical” limit. In this limit, this transform should recon-
radial matrix elements and phase shifts necessary for describtruct the atomic scattering field at relative positiohsur-

ing the primary excitation, as well as the scattering phaseounding the emitte?:??> An additional important property of
shifts, were calculated using the program. Figure 4 showshis method is that, in being a transform over a volum& in
several of the key physical ingredients of such theoreticabpace(i.e., over both direction and wave vedtoit sup-
calculations, as evaluated at the two extreme energies studigdesses both twin-image and multiple-scattering effects, as
here ofk,,;,=3.85A"1 (E=56eV) andk,=7.45A"1 (E first pointed out by Barton and co-work&%3® and subse-
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FIG. 5. WM(110) atomic images obtained from experimental and theoreticalf\Butface-emissioy(k) data sets, in the horizontél10
plane, via method A. The surface emitter site at the origin is indicated by dashed squares, and the known positions of the scatterers are
indicated by circles. The nearest and next-nearest scattering positions have been labeleda@ pamsl are marked off in 1-A units. Image
intensities forz< — 3.5 A have been rescaled, with the scale factors indicated on the figarémage reconstructed from the experimental
x(k) data set of Fig. @). (b) Image reconstructed from a theoretical single-scatteyitk) data set.(c) Image reconstructed from a
theoretical multiple-scattering(k) data set.

quently by Tonget al®® However, due to the nonideal na- accurate multiple-scattering theory showing the sharpest fea-
ture of electron emission and scattering, atomic images oltures for the backscattering atoms, and agreeing very well
tained via method A have still been found to suffer fromwith one another. In the experimental image of Figs) &nd

aberrations, artifacts, and position shifts’® Nonetheless, 6(a), thei1l andii? atoms are shifted in toward the emit-

such images can be of good enough quality to allow an initiater (by ~6272 A, aﬁé zdownward from the=0 A surface(by
and useful determination of atomic structdré’ ~0.2 A); this is perhaps due to the strong anisotropies of the

Figures 5 and 6 show the reconstructed images in thatomic-scattering factor and its phase shift for such side-
horizontal(110) and vertical (1.2) planes, respectively, ob- scattering directiongcf. Figs. 4b) and 4c)]. As expected,
tained from applying method AEq. (2)] to (a) the experi- the backscattering 0 atom is better resolved due to the
mental surface emissiogp(k) of Fig. 2(c); (b) a theoretical more ideal nature of electron backscatterjagproximately
single-scattering surface emissigtk); and(c) a theoretical constant amplitude and phase shift, as shown also in Figs.
multiple-scattering surface emissigitk). The (112) plane  6(0) and @c)], with no significant position shift" The
was chosen to pass through the nearest-neighbor atoms t¥Perimental backscattering image is also less intense
given emitter that lie in the horizontél10) surface plane, as (~20% than the side-scattering atomic images; and image
these would presumably also be the strongest atoms in tHBtensities above and below= —3.5A have been scaled

holographic images. The emitter position is indicated by Lccordingly (with scale factors indicated directly on each
Eane). This difference in relative image intensity is qualita-

dashed square, and the ideal positions of the neighborin I dd both th ar 4 o th
atoms are indicated by circles. The expected atomic imagBve!Y €xpected due to both the angular dependence In the
resolution for this wave vector and angular rangey6f) in  Scattering factor amplitude for lower energles. Fig. 4b)]

he horizontal [Tll] direction is given by Sx~ r/Ak and _the Ipnger melaspc attenuation path of the wave front
t_e X A give y ox= X that illuminates, and is subsequently scattered by, the back-
:.77/ [.kaf%XS'n@max_ Orin) 1~0.3 ,_and in the verticg|110] scattering atom, as compared to the wave-front paths that
direction is gl\glge N by 6z~ m/Ak;= /[ Kmaxkmin COSlmax  inyolve the side-scattering atoms. Despite these position
_emi”)]mo'G.A’. and these numbers are comparable t0 the,pigq ang aberrations, this experimental atomic image over-
actual atomic image d|menS|ons in Figs. 5 and 6. As note Il gives excellenab initio estimates of the positions of the
above, Eq.(2) makes no special effort to suppress aberra’backscattering atoms surrounding the surfadé 19 emitter

tions due to the nonoptical nature of the electron—scattering{nd good estimates of the positions of the side-scattering

process. In all of the images in Fig. 6, the backscattering,;, s "which could, in principle, then be refined e.g. using

atom along 1.0 and the;33 and33; side scattering atoms R-factor comparisons of experiment with model diffraction
are reasonably well resolved, with experiment and the morealculations for various structur§.21-3

FIG. 6. As Fig. 5, but for the vertical_(Jf) plane. The positions of the scatterdessuming no surface relaxatjoare indicated
by circles.
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FIG. 7. WM110 atomic images obtained from experimental and theoretical W4k emissiony(k) data sets, in the vertical ()
plane, via method A. The bulk emitter site at the origin is indicated by dashed squares, and the positions of the scatterers are indicated by
circles. The nearest and next-nearest scattering positions have been labeled {a)panet are marked off in 1-A units. Image intensities
for z<—1.5 A have been rescaled, with the scale factors indicated on the figarémage reconstructed from the experimengék) data
set of Fig. 3c). (b) Image reconstructed from a theoretical single-scattejifi) data set.(c) Image reconstructed from a theoretical
multiple-scatteringy(k) data set.

The single- and multiple-scattering images of Fig&)6 this way more scattering events contribute to the backscatter-
and 6c) are similar to experiment in that thet 2 and 11} ing signal in the resultin_gholographmﬁk) intensities, and as
side scatterers exhibit side lobes that are shifted in towardsuch the reconstructed1® atomic intensity can be much
the emitter, and downward from the surface. However, thestronger for the image reconstructed from the multiple-
theoretical side-scattering atomic images of Figh) &nd  scattering model than that from the single-scattering model.
6(c) differ from those of Fig. @) in that the theoretical Thus, the closer match between Figc)éand the experimen-
image peaks are split. This splitting may be due to a numbetal image of Fig. 6a) graphically illustrates that multiple-
of reasons, among them the differences between the theorgfcattering more accurately describes the nature of the cre-
ical and actual photoemitted source-wave angular diStribUation of the experimenta| h0|ographic photoe|ectron
tions and atomic-scattering factors. Yet, these single- an%tensitiesl(k). This is all the more noteworthy in view of
multiple-scattering models produce other image features thage fact that such a multiple wave-vector volume transform is
rather closely match the experimental image of Fi@) & \o\wn to suppress multiple-scattering effe¥?s obviously

the side-scattering region, even including the faint aberrag,qre ig not a complete suppression, even with this large data
tions seen atx,z)~(+4 A,0A). The most marked differ- P PP ’ °

ence between the experimental image of Figg) @nd the Atomic images were also reconstructed from the experi-

single-scattering image of Fig() is the triply split back- mental bulk emission(k) of Fig. 3(c), as well as from the-
scattering 10 atom in the latter, which is also very much reica) single- and multiple-scattering bulk emissjgk)’s.
weaker in intensity~1%) relative to the side scattering 5 Figures 7—9 show these experimental and theoretical images

and%_%% peaks. This difference must be primarily due to thereconstructed via method BEq. (2)] in the vertical (_]15)

oversimplification of the single-scattering model, as seen by110), and(001) planes, respectively. Immediately apparent
comparing Figs. @) and Gc), for which the agreement is in all of the experimental and theoretical images of Figs.
excellent. For example, inﬂa multiple-scattering image of7_9(a) is the lack of a clear backscatteri@a atomic im-
Fig. 6(c), the backscattering 10 peak intensity relative to age. The faint features spaced~ed.9 A intervals along the
the side scattering3 3 and3 33 peaks(~33%) is very close [110] direction are, in fact, alias peaks that arise from the
to that of Fig. 6a) (=50%). This dramatic difference be- Fourier transformlike properties of E().2* Because of the
tween single and multiple scattering can arise because eadinite amount of volume enclosed by thék) data set ink

of the atoms in the multiple-scattering model becomes amspace, these spurious peaks are expected/ . Kmin)
emitter, which can then illuminate the atoms surrounding it,=/(7.45-3.85A"1)=0.871A intervals along low-index

especially the atom located at thd @ relative position. In  backscattering directions.e., [HO]). These alias peaks are

(@) @perin@nt O
110

W

11
B 222
-

LJd

0 6
[001] y (A)—=

FIG. 8. As Fig. 7, but for the vertical () plane.
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0
[110] X (A)—

FIG. 9. As Fig. 7, but for the verticgdD01) plane.

also faintly evident along thed10] and[100] directions in  pared to the forward-scattering features in thel@L and

the experimental001) plane image of Fig. @). Aside from  (001) planes, which are, respectivelys6 and ~10 times
these alias backscattering peaks, no appreciable backscattatere intense than the backscattering alias peaks. The artifact
ing or side-scattering atomic images are seen in the experalong the[110] direction can be seen in the single-scattering
mental images of Figs. 748, as well as the theoretical jmage of Fig. 7b), and faint indications of th¢131] and

images of Figs. 7-(®) and dc). This is simply due to the e%31?] artifacts can also be found. The artifacts along the

much stronger forward-scattering amplitudes, which cause — . : .
the contribution of the forward-scattering atoms to dominat _131] and[311] directions dominate the multiple-scattering

the x(k) intensities, thus leading them to be preferentiallyiMage of Fig. Tc), but the artifact along thf110] direction
imaged, as seen in previous studies of bulkK@).32 The IS Now only faintly discernible. Thus, the single- and
form of the scattering-factor amplitudes in Figb#makes it ~ multiple-scattering images are in reasonably good agreement
clear why this is true as well: forward scattering-i6—8  With the experimental image of Fig.(d, differing only in
times stronger than back scattering over the energy intervahe relative intensities of the artifacts along f14.0], [131],
involved here. As expected from the comparison of the eXand[31T] directions.

perimental and theoretical surface-emission images above, The differences between the experimental, single- and
the relfatn/t(ra] mLer;EUes. of_the expenmetrr]]tal bﬁ(}ksct?]ttermg t'mfnultiple- and forward-scattering atomic images in tﬁiQ)L
ages for the bulk emission cageven though for the mos and(001) planes(Figs. 8 and Dare less apparent than for the

part merely artifactualare better reproduced in the multiple- — = . .
scattering model images of Figs(cT-9(c), as the relative C2S€ of the (12) plane images of Fig. 7. Note here that the

backscattering intensities in the single-scattering images df110) plane is special for a bulk emitter in that it contains

Figs. 1b)—9(b) are much weaker. the nearest-neighbor forward-scattering atoms that are ex-
Considering now the image features in the forward-pected to be the strongest features in the holographic images.

scattering directions, we note that, for thElED plane im- Previous studies have demonstrated that single-scattering

ages of Fig. 7, there are three forward-scattering artifacts if?°dels can adequately reproduce the features seen in
the experimental image of Fig(d, approximatet 3 A from orward-scattering atomic images reconstructed from bulk
the emitter and along tHd.31], [110], and[31T] directions, systems, even though they often exhibit elongation roughly

hich d i dt tual atomic locati Th arallel to the scattering directidf) but we see here that the
which do not correspond to actual atomic locations. Thesg - aiomic images reconstructed from multiple-scattering
artifacts are weak compared to the features seen in the Othﬁ{odels do not differ greatly from images obtained from ex-
(110) and(002) plane images of Figs. 8 and 9. That is, theseperiment and single-scattering models. This could be due to
artifacts in the (12) plane are only=3 times more intense both inelastic attenuation and elastic scattering of the photo-

than the backscattering alias peaks discussed above, comlectron wave fronts, such that higher-order multiple-

[110] ' (A)

o 66
[001] y’ (A)—

0 A 6
[110] x’ (A)—»

FIG. 10. Simplés33 and 333 forward-scattering W cluster, for which images have been derivetiaétomic image obtained from a
theoretical single-scattering WF4(k) data set calculated for this cluster, in the vertical @1 plane, via method A. The emitter site at the
origin is indicated by dashed squares, and the positions of the scatterers are indicated by circles. Axes are marked off in 1-A units. Image
intensities have been rescaled relative to the same standard maximum in this=ph@efor both Figs. 10 and 11, with the scale factors
indicated.(b) As (a), but in the(001) plane and with a scale factor of 1.7.



5864 P. M. LEN et al. PRB 59

[110] [010]

0 . 66 Q . 6
[001]y’ (A)—® [110] x’ (A) —
FIG. 11. As Fig. 10, but for a 100 and 010 forward-scattering W clussimage in the verticalTlO) plane, with a scale factor of 3.0.
(b) Image in the vertical001) plane, with a scale factor of 1.8.

scattering events deep in the bulk do not contribute much t‘?mage reconstructions of the cluster with o@% and 142
the I (k) intensities measured above the sample; instead, the 111

majority of thel (k) signal that originates from deeply buried Scatterers. Note that while the; 3 and ;3; atomic images

emitters comes from lower-order multiple-scatteringare clearly and strongly visible in the {@) plane containing

events> these atoms, these atoms produce spurious images in the
Note also that the only nearest-neighboring forward-(001) plane, notably the strong features located approxi-

scattering atoms imaged amy of these experimental or the- mately 0.7 A to either side of the emitter along the horizontal

oretical bulk-emission images are the; and333 atoms, as  (110) plane. Figures 1) and 11b) show the (10) and

seen in the (10) plane images of Fig. 8. Neither the 100 or (001 plane image reconstructions of the cluster with only
the symmetry-equivalent 010 forward-scattering atoms ard00 and 010 scatterers. The 100 and 010 atomic images are
visible in the experimental or theoretic#l01) plane images again clearly visible in th€100) plane containing these at-

of Fig. 9. The cause of this preferential imaging of tha@L  ©ms, and these atoms also produce similar near-emitter arti-
plane atoms, as well as the strong double-peak artifacts nefacts in the (1L0) plane. These near-emitter artifacts are also

the origin in the (1L.0) and(001) planes, located in the hori- Similar to those that appear in the experimental and theoret-
zontal (110 plane of the emitter and approximately 0.7 A ical bulk-emitter images of Figs. 7-9. These near-emitter
away from the emitter, is discussed below. artifacts are thus not caused by incomplgte) background

As noted before, Fig. @) shows the W scattering-factor subtraction, but are simply extraneous reconstructed features
magnitudes fork,,=3.85A"" and ky,,=7.45A"1 photo-  of the forward-scattering 2%, 11, 100, and 010 atoms.
electrons. Note that the forward-scattering peak is quite nar- Note also that the 100 and 010 atomic images in(@d)
row, having a half angle at half-maximum amplitude of ap-plane[Fig. 11(b)], are~1.8 times less intense than those of
proximately 30° for kn,j,=3.85A"1 photoelectrons, and T11 111

. o ' 1 ™ the 111 and 11} atomic images in the (1I0) plane[Fig.
approximately 15° fokinp,=7.45 A" * photoelectrons. While ]tO(a)]. This can be understood from the narrowness of the

it is the presence of these forward-scattering peaks tha} rward-scattering maxima of the W scattering factor, as
causes the preferential scattering from, and subsequent imag:- S g m: 9 ’
own in Fig. 4b). Since they(k) data set spans a polar-

ing of, forward-scattering atoms, we demonstrate more quan- o ot
titatively in Figs. 10 and 11 how this narrow angular width angle range of 40< 9<90° as measured within the surface,

of the forward-scattering peak also causes the preferentizgliS meanst_hat the strong forward-scattering diffraction fea-
111

imaging of forward-scattering atoms nearest to the azimuthdlires of the33 and 333 atoms(which lie along the 111]
axis (i.e., the surface normabf the x(k) data set. and [111] directions will be well within this polar-angle
The panels to the left of Figs. (& and 11a) show the range, as the angle betwefhl 1] (or [111]) and the normal

geometry of two small W clusters. The geometry for Fig. 10[110] direction is 0%1%%35.3". In contrast, nearly half of
111

is a single W photoemitter, with only;3 and33; W scat-  the forward-scattering diffraction features of the 100 and 010
terers in the (10) plane. The geometry for Fig. 11 is a atoms(which lie along the[100] and[010] directiong will
single W photoemitter, with only 100 and 010 forward- be outside of this polar-angle range, as the angle between
scattering atoms in th€001) plane. Single-scattering(k)  [100] (or [010]) and the normal110Q] direction is 6%8%
intensities were calculated for both of these simple W clus=45°,

ters, and images reconstructed from these theoregidal Thus, the preferential imaging of the nearest-neighbor

data sets using method A in thei@) and(001) planes are 131 and 333 forward scatterers can be understood by the
shown in Figs. 1) and 1@b) and 11a) and 11b), respec- |ocalization of their strongest forward-scattering diffraction
tively. The intensities of all the images of Figs.(@0and  features within the polar-angle range of thigk) data
10(b) and 11a) and 11b) have been rescaled relative to eachset!®1’The absence of the atomic images of the 100 and 010
other to yield the same maximum-to-minimum gray scaleforward-scattering atoms in Fig. 9 is merely due to a portion
these relative scale factors are indicated on each image, wi their forward-scattering diffraction features lying outside
that in the most intense image of Fig.(&0being arbitrarily  the polar-angle range of thjgk) data set. This also explains
set to 1.0. o the total absence of any side-scattering atomic-image fea-
Figures 10a) and 1@b) show the (1.0) and(001) plane tures, as their forward-scattering diffraction features lie well



PRB 59 HOLOGRAPHIC ATOMIC IMAGES FROM SURFACE AN . .. 5865

outside of the polar-angle range of th¢k) data set. Any attenuation or vibrationa(Debye-Walley effects, although
low-energy photoelectron diffraction data set is thus exthese could, in principle, also be included in a more general
pected to exhibit qualitatively similar effects due to electrontype off(@f,)_ An additional effect that could be included in

refraction at the innerpotential surface barrier, even if the; ore generall(@k,) is an anisotropy in the outgoing pho-
experimental data is initially taken down to very low takeoff , .. .0, Wave(so[Jrce-wave anisotropybut the cross sec-

angles W!th respect to the surfac_e. tions in Fig. 4a) do not make this seem like a major correc-
Thus, imaging forward-scattering atoms are dependent OBon for the case at hand

whether their strong forward-scattering diffraction features A second methodmethod B for improving atomic-

lie within the y(k) data-set polar-angle range. In addition, image fidelity is to utilize only the-space regions iy(k)

F#gnégnt:t?initgrﬂg,li tﬂgzogggaéhn;;grih?é fgrswgqgv\?ﬁa};te:ig%here the photoemitted source wave is most stationary, and
A(b) and 4¢)], these forward-scattering atomic images are he electronf(®,) is most optical-like for specific atomic

expected to be less ideal than those of backscattering atorR0Sitions. This general approach was first used in high-
For imaging backscattering atoms from overlayer and surénergy photoelectron holography of near-forward scattering

face systems, it has thus been shown to be of benefit 8{0MS by Thevuthasaet al,” but it has more recently been
exclude the forward-scattering regions of the surface andpplied to GI(g))W-energy studies of bgck;cattermg atoms by
near-surface plane atoms, in order to retrieve only the mord©nd et al,”® and Wu and Lapeyr®” Since the electron-
ideal optical backscattering information of atoms that lieSCattering factor magnitude and phase e roughly constant
more nearly below emitter sit@sMore recently, there has for backscattering directions®(, ~180°) #22 x(k) regions
also been a proposal to image even forward-scattering atonis a cone of half-anglex~30° centered ork=—r’ direc-

by means of their more ideal side-scattering contributions, byions are used in reconstructing atoms directly beneath the
experimentally keeping the angle between the incident polarphotoemitter site. For the present case, as illustrated in Figs.
ized radiation and the photoelectron detector small, such thal(b) and 4c), these simplifying assumptions are at least
the detector is kept near the photoexcitation cross-sectiopartly true: the magnitude of is actually fairly strongly
node that exists, for example, for emission freraubshells, varying in the backscattering direction, but the phdsds

and to a lesser degree for emission from smubshells* quite constant. Thus, this “small-cone” algorithm uses the
This has the effect of suppressing the strong contribution of;sya| optical reconstruction kerngf*"" %) put as multi-
forwarq scatterl_ng,.and putting more emphasis on the S'djilied by a window functionw('f )), which is equal to
scattering contributions from these forward-scattering atoms. . K . ' i
However, it is clear that this method would not work for all unity when®_, < a, and is zero elsewhere kispace:

atoms, levels, and wave vectors, as the photoelectric cross

ff(;:éions for W in Fig. @) are very nearly uniform in ampli- UB(f')Ef f f dk e 10 k(O )iy(k).  (4)
' K
V. COMPARISON OF ATOMIC IMAGES OBTAINED A Hanning window function of the forMWyamind®* )

FROM DIFFERENT RECONSTRUCTION ALGORITHMS ECOSZ(W-G)k_r,/a) has been used in some implementations

There have been various modifications to the basi®f Eq. (4),59%9 but here, as in the first uses of method
optical-reconstruction algorithm of method[&q. (2)], and ~ B,*®%" the step functionw(®* ,) window function was
to the definition of the reconstruction integral itself, in order ysed.
to account for the nonoptical nature of electron scattering, of A third algorithm (method G due to Rous and Rubin
which four methods will be discussed here. The first of theserecognizes the quantum-mechanical nature of the electron
which we will call method A is a straightforward attempt to wave front propagating in the bulk, and describes it in terms
remove the effects of the complex electron-scattering factopf the Lippman-Schwinger equation and the first Born ap-
f(@)'r‘,) by dividing it out in the transform kernel. This has proximatio_n. In the form that can be most directly rela_ted to
been termed the scattered-wave included Fourier transforfd- (2), this quantum mechanically based reconstruction al-

by Tonneret al.* and it can be written as gorithm is given by:
eilker' —kr') d o
u;(r')szjdk—k—x(k). ) Uc(r')=—1{r'R fffdke"“”"“ x(K) |+
K f(®;) dr K

Carrying out this transform implies knowing the identity of ®

the scatterer to be imaged in each region of space, so th@fere, the integral ol =dk is just U(r’), but additional
f('r‘,) can be uniquely defined. For the present case, this isperations are performed on its real part only in arriving at
trivial, since all scatterers are W atoms and can be assuméd(r').

to be identical.[A more refined treatment might consider  The final reconstruction algorithfmethod D considered
surface atoms to have a different scattering factor, since thelyere is due to Hoffmaet al®@ and is not strictly speaking
are not uniformly surrounded by neighbors, but this type ofholographic in nature. But it is a so-called “direct method”
correction has not been found to be necessary in the analydisr analyzing photoelectron diffraction data so as to estimate
of LEED data over a similar energy rang®] We note here atomic positions, usually of backscattering atoms under
also that we have not allowed for any effects due to inelasti@dsorbate&® Its form is given by
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b) Method B c) Method C d) Method D

0
[T11(A) —

FIG. 12. W(110) atomic images obtained in the verticall(d) plane from the experimental Wf4urface emissio(k) data set of Fig.
2(c), via methodsA—D, as defined in the texta) MethodA. (b) Method B.(c) Method C.(d) Method D. The surface-emitter site at the
origin is indicated by dashed squares, and the positions of the scatessusning no surface relaxatjcare indicated by circles. The nearest
and next-nearest scattering positions have been labeled in (@n&kes are marked off in 1-A units. Image intensities Zst — 3.5 A have
been rescalefivith the exception ofc) and (d)], with the scale factors indicated on the figures.

ing factorf(@'r‘,) may not be sufficiently accurate to describe
the actual effective scattering factor for this systguarticu-
] o larly in the side-scattering directipnwhile other effects in-
where Aoy is a weighting factor for data taken along eachying anisotropies of the source wave, as well as inelastic
direction that is usually treated as a constant, anQaiering, vibrational attenuation, and multiple scattering,
Xtneon(K.T") is calculated via a single-scattering model from 515 may be involved. The potential importance of such ad-
ditional effects is also illustrated by the fact that the single-
. @ and multiple-scattering images of Figs(bb and Gc), de-
rived from model clusters containing the same theoretical

scattering factor used in E{), do not exactly reproduce the

Calculatingxeonf(K,r") thus again requires a knowledge of . . . :
the atomic identity of each scatterer in order for the Scattergaxperlmental image of Fig.(8). However, somelﬂle?ker Im-

ing factor to be uniquely specified. Thus, E6) is a redefi- age artifacts in the region enclosed by thgs, 333, and
nition of the reconstruction integral of Eq2), but it stil 110 atoms in Fig. €3 have been somewhat suppressed in
relies on the orthogonality of a theoretically calculatedFig. 12a), thus suggesting that the theoretical scattering fac-
single-scattering modexeon(K,r’) with the experimental tor used in Eq(3) does beneficially account for some of the
x(k), whose exponentiated dot product okespace as de- scattering anisotropy in this system. Further development in

fined above will tend to produce image-intensity peaks athe application of method Avould involve refining the treat-
atomic positions. This method inherently assumes individual,ent of the theoretical scattering factqperhaps they are
fine-step scans of intensity with photon energy over thejitferent at the surface, for exampleas well as better ac-
rangek of the integral, and then a coarse sum over directiongounting for the inelastic attenuation of direct and scattered
k, as weighted ideally by the solid angleo, which each  wave fronts(e.g., by using complex phase shiftexplicitly
subtends: that is, this method involves taking data in whatorrecting for the wave vector and angular dependence of the
can be termed a “scanned-energy” mode. photoemitted source wav@cluding itsd andg wave com-
Figures 12a)-12d) show the reconstructed atomic im- ponents, and allowing for vibrational effects.
ages in the vertical (112) plane obtained from applying the ~ Figure 12b) shows the reconstructed atomic images ob-
reconstruction algorithms of Eq$3)—(6) (methods A-D,  tained via method BEq. (4)], where only the holographic
respectively to the experimentasurface emission y(k) of surface-atomy(k) intensities in a localized angular region of

Fig. 2(c), and these can be compared to Fig) 6method A. the source wave and images corresponding to more nearly
In Fig. 14a), based upon method EEq. (3)], the back- ideal backscattering regions are used iwe imaging decon-

scattering 10 i'ma e is still less intense than’ the 3 and volution process. Here, the backscatterirf0limage peak

> g g 2 does appear to be sharper, but it also has more extended and

333 side scatterers, and is surprisingly even more differentiffuse wings in this image compared to that of method A in

(=3) compared to the case in Figa (~3) based on method Fig. §a). The side scattering%% and1%? atomic images in

A with no correction for scattering factor. This remaining Fig. 12b) are completely absent, but this is simply due to the
difference in relative intensity can be explained from the factfact that the window functiorw(@k ) with half-angle
that Eq.(3) still does not correct for the difference in the —30° lies outside the angular raﬁrge of thé) data set

attenuation paths of the wave fronts involving these atomic hich spans only 402 9<90°. Thus, atoms along the side-

i nor for intensity chan vibrational nuatioy. X S . .
sites, nor for intensity changes due to vibrational atte uatoscattenng directionsd=0°) simply cannot be imaged from

or multiple scattering, as discussed above. Alsosthg and  this data set via this method. Nor was this method proposed

333 atomic images are still shifted in towards the emitter,for imaging side-scattering atoms. The position of tHe 1

and downward, by essentially the same amounts as in th@om is also essentially unchanged from Fi@) 5so there is
image derived from method A. Thus, the theoretical scatterno apparent advantage in method B for this case as far as

., (6)

Up(r')=2 Aoy eXF{f'fkdemeon(k,f')X(k)
k

—i(k-r"—kr") .
Xtheor)(k-r,):R Tf(w)
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10011y’ (A) — g

FIG. 13. W110 atomic images obtained in the verticalld) plane from the experimental Wf 4ulk emissiony(k) data set of Fig.
3(c), via methodsA—D. (a) MethodA. (b) Method B.(c) Method C.(d) Method D. The bulk emitter site at the origin is indicated by dashed
squares, and the positions of the scatterers are indicated by circles. The nearest and next-nearest scattering positions have been labeled i
panel(a). Axes are marked off in 1-A units. Image intensities f5 — 1.5 A have been rescaled, with the scale factors indicated on the
figures[with the exception ofc) and(d)].

locating this atom accurately, even though the method wasghe backscattering 0 atom is located fairly well in this
proposed for more accurately imaging backscattering atomsmage, but it is shifted vertically and does not seem to be as
The limited size of the window function used in this method ye|| |ocated as with the other methods discussed previously.

also must inherently reduce the resolution of the atomic im- id tteri éﬁ d1il 4t tb :
ages, and it is seen to create image aberrations along tHa'€ Side scattering;> and ;33 atoms cannot be seen in

low-index directiong 110], [131), and[311], as seenina 1o IMage, as the reconstruction algorithm of E@ best
prior analysis of this type of daf&;these aberrations include Scribes ' W S N9

. — o Xtheor(K,r") @and x(k) contributions. Because the same
an expected broadening of thdd atomic image along the atomic electron-scattering factors were used for both meth-

[111] direction. However, a positive feature of method B is 535 A and D, the corresponding atomic images of Fig&)12

that it does manage to reconstruct faintly discernible imagegnd 12d) should show corrections for image aberrations and

131 311

for the 555 and 555 backscattering atoms that are barely position shifts that are of a comparable degree. It should be
visible on this gray scale. Thus, method B may be slightlynoted that method D has been used most successfully in
better suited for the refinement of backscattering atomic imimaging molecular adsorbates on surfatedere the condi-
ages, but some loss of image resolution and the appearantiens are probably better described by single-scattering than
of additional artifacts along low-index directions are inherentis the case for the clean @10) surface considered here. The

disadvantages in this approach. It is thus not clear that it hagjight position shift of the 10 atomic peak can be explained

or A. o this study[cf. comparable 10 position shift for the theoret-
Figure 12c) shows the reconstructed atomic images ob-cg| jmage in Fig. 6c)].
tained via method C[Eg. (5)], where the quantum-  Eigyres 18a)—13d) now show the reconstructed atomic

mechanical nature of the propagation of electron wave front:

is accounted for in the imaging deconvolution process. Thﬁnages in the same vertical 10) plane obtained from

i ) ) ) ) %pplying _the reconstruction algorithms of Eqg&3)—(6)
backscattering 10 atom is a little more sharply defined in (methods A-D) to the experimentabulk emission (k) of
this image, but has a position essentially identical to that insjg. 3(c). These can be compared to Figag(method A.

Fig. 6a) as derived using method A. The side scattefgg  Because methods B and D have been developed specifically
and3 33 atomic images are a little less shifted in towards thel0 Ureat backscattering atoms, we do not expect them to per-
. . . form particularly well for this forward-scattering dominated

emitter (by only 0.3 A, as compared to either Fig(& or :
Fig. 12a). These slight image improvements suggest that nofase but they are included for completeness and to see
: ' whether they are able in any case to resolve something from

correctly allowing for the propagation of_electron Wave o backscattering atoms. In Figs.(&3-13d), there are no
fronts may account for some of the atomic peak position ]

shifts seen in Figs. @) and 12a). However, these slight convincingly strongs 33 and333 backscattering atomic im-
advantages do not compensate the fact that the backgrouag@es Vvisible(except for features that coincide with alias
level of image artifacts, especially around the forward-peaks along thg110] direction, as discussed earlier in Figs.
scattering atoms, is significantly higher with method C.7-9, especially as compared to the stronger forward-
Thus, although this method certainly deserves further testingcattering image features. Figures(@3and 13d) seem to

with experimental data, it does not appear to have S|gn|f|car‘§how no resolvable images for thé 2 and332 atoms.

advantages over the simple optical transform of method A. . o

Figurg 12d) shows theprecc?nstructed atomic images ob- Figure 13a) shclws the reconstructed atomic images ob-
tained via method DEq. (6)], which is similar to Eq(2) in tained via method AEq. (3)]. The forward-scattering fea-
attempting to retrieve the object fiel(r’) via an orthogo-  tures here are not noticeably shifted closer towards their ac-

nality relation, but this time between experimental intensitiegual locations(3 33 and 333) as compared to Fig.(8 with

x(k) and single-scattering model intensitiggeon(K.r"). no scattered-wave correction. This suggests that either the
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forward-scattering features in this plane are purely artifactuagess in retrieving the 0 backscattering atomic peak in Fig.
and not associated with an actual atomic image, or that thesgx(d). This failure of method D to retrieve a backscattering
features are shifted from their actual locations due to addiimage suggests that the backscattering signal in the bulk
tional effects(e.g., source-wave anisotropy, multiple scatter-emissiony(k) data set of Fig. &) is far too weak to recon-
ing, etc) that cannot be accounted for by a correction procestruct a backscattering atomic image, as compared to the
dure involving single-scattering evertfst’ A similar  stronger forward-scattering(k) components.

closeness in the surface-atom images between methods A

and A has already been noted in discussing Figs) &nd VI. CONCLUDING REMARKS

12(a), where these additional complicating factors are dis- We have applied five of the currently used direct-imaging

cussed in more detail. It is also interesting that the lower halglgorithms for photoelectron holography to a large high-

of the image with scattered-wave correction is actuallyqua”ty experimental data set from (820, and to corre-

~1 H H 1
weaker(=1;) as compared to that with no correctié®z),  gponding theoretical simulations of this data set at both the
again qualitatively similar to the surface case. Figurébl3 single- and multiple-scattering levels. Separate holograms
shows the reconstructed atomic images obtained via methqgere measured for both the surface and bulk atoms by mak-
B [Eq. (4)]. Note that the forward-scattering features are nowing use of the surface core-level shift. The five methods are
greatly elongated along tHd 11] and[111] directions. This an “optical” transform over the volume ik space spanned
is to be expected, as forward-scattering atomic images arey the data(method A, the transform of A but with the
much more susceptible than backscattering images to sudternel modified to divide out the electron-atom scattering
loss of radial resolution when the solid-angle rangedf) ~ factor (method A, the so-called “small-cone” transform,
data is limited by the cone defined bW(@iirr) (here only which focuses on imaging baqkscatterlng atagmsthod B,

. . . ; ) ) . a quantum-mechanically motivated transfofmethod G,
0.277 in width) in reconstructing images using this and a nonholographic projection method that also focuses on
technique’®?° This can be contrasted to the larger solid- graphic proj

! backscattering atom@method D. In analyzing the experi-
angle range of the full(k) data se{0.71m) used with meth- mental data, we have introduced a general three-dimensional

ods A, A C, and D. Thus, the radial elongation of the | (k) background subtraction scheme knspace to better
forward-scattering features in Fig. (13 suggests that these normalize raw!(k) intensities, and compared the three-
features are not purely artifactual in origin, but are ratherdimensional atomic images that can be obtained via method
strongly shifted and elongated images of the: and 333 A from experiment and theory, and via the five reconstruc-
atoms. One might even propose that they could be useful iHon algorithms from experiment. The inclusion of multiple
locating these atoms idirectionrelative to the emitter, even scattering in theory is needed with method A to adequately
though they yield no information odistancefrom the emit- ~ predict the image of the nearest-neighbor backscattering
ter. Figure 18) shows the reconstructed atomic images ob-atom. _
tained via method €Eq. (5)]. As seen here, method C seems  For a surface-atom emitter, methods A, @d C produce
to shift the31% and 111 forward-scattering atomic images cOmparable atomic images of backscattering and side-
fcattering atoms that could then, in principle, be refined for

away from their actual locations of the atoms, as judge X . .
lative t thods A oF AThese f d-scatteri romic &1 unknown structure using conventional comparison to
relative to methods A or ese forward-scattering atomic theory viaR-factor refinement. However, method C exhibits

peak-position shifts must arise in some part from Inaq’considerably more background noise that could hinder image
equately accounting for the quantum-mechanical propagatio.

fhterpretation. In contrast, method B as applied to a surface-
of electron wave fronts. For example, using the first Born P ! bp

S o T A atom emitter is somewhat more successful in retrieving
_approxmatlon in describing the scatteririg quasioptical in backscattering atomic images, but these peaks also suffer
its approach. X

) . - from some loss of image resolution, which is inherent for
In contrast to the images obtained from methodsCA  thjs algorithm, and it is also not possible to image the side-
[Figs. 138)-13(0)], the reconstructed atomic image obtainedscattering atoms. Thus, it is not clear that method B has a
via method D[Fig. 13d)] shows no forward-scattering fea- significant advantage in treating this data. Method D pro-
tures, but instead chiefly manages to retrieve the near-origiguces backscattering images for a surface emitter that are
artifacts seen in Figs.(8 and 13a). The backscattering im- reasonably well defined.
age az~—4.6 A is actually related to the alias peak features  As applied to a bulk emitter for which backscattering, side
seen in Figs. 7-9, and Figs. #-13b). The lack of  scattering, and stronger forward scattering can all play a role,
forward-scattering atomic images in Fig.(@Bcan be under- || five methods are found to produce poorly resolved
stood by the fact that the integral in E) is evaluated over  forward-scattering images. If peaks are seen at all in this
a range of wave vectors, but separately for each differenfegion of image space, they are found to be elongated along
direction. The path-length difference kerng(®"'~K") in  thez direction and/or the radial direction leading away from
Eq. (7) can be seen to be identical to unity for forward scat-the emitter, and to be significantly shifted away from the

terers(i.e., k=F') along forward-scattering directions, and known atomic positions. Methods A and iay have some
have less modulations relative to backscatterers for othesuccess with one forward-scattering imagiee 110 atorp
scattering directions. Thus, the result of E@.and(7) isto  and method B may be able to determine thieection of
emphasize backscattering atomic images more so thadierward scatterers, but not their distance from the emitter.
forward-scattering images. This is what this method wadViethod B is able to retrieve fainbackscatteringimages
originally formulated to dd,and it is evidenced by its suc- from the forward-scattering-dominated bulk emissigfk)
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data set, but it is not clear that these would be sufficientlyconventional structure refinements via multiple-scattering

strong to be useful in an unknown structure. calculations andR-factor refinement, with the significant ad-
Overall, we thus find methods A and % be the most vantage of minimizing search times and avoiding getting

robust overall for analyzing both surface and bylk) data  trapped in localR-factor minima that are not the absolute

sets from W110. Imaging backscattering and side- minima.

scattering atoms around surface or near-surface emitters is

the most promising aspect of photoelectron holography, with
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