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Gabor first proposed holography in 1948 as a means to experimentally record the
amplitude and phase of scattered wavefronts, relative to a direct unscattered wave, and to use
such a "hologram" to directly image atomic structure, Bul imaging at atomic resolution has
not yet been possible in the way he proposed. Much more recently, Szoke in 1986 noted that
photoexcited atoms can emit photoelectron or fluorescent x-ray wavefronts that are scattered
by neighboring atoms, thus yielding the direct and scattered wavefronts as detected in the far
field that can then be interpreted as holographic in nature. By now, several algorithms for
directly reconstructing three-dimensional atomic images from electron holograms have been
proposed (e.g. by Barton) and successfully tested apainst experiment and theory. Very
recently, Tegze and Faigel, and Gog et al. have recorded experimental x-ray fluorescence
holograms, and these are found to yield atomic images that are more free of the kinds of
aberrations caused by the non-ideal emission o scattering of electrons, The basic principles
of these holographic atomic imaging methods are reviewed, including illustrative
applications of the reconstruction algorithms to both theoretical and experimental electron
and x-ray holograms. We also discuss the prospects and limitations of these newly emerging
atomic structural probes.

INTRODUCTION

Historical Origin of Atomic Holography

Dennis Gabor first outlined in 1948 a direct experimental method of recording
diffraction phases as well as intensities in an effort to surpass the then current
resolution and lens aberration limits of electron microscopy and thus achieve
atomic-scale image resolution (1). In Gabor's original scheme, an electron
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Mewavefront (of wavenumber &, and wavelength ) diverging from a point focus
lluminates an object as well as a detector {or image plate) directly. The (a)

interference pattern at this detector involves the wavefronts scattered by the
object, and explicitly records the phases of these wavefronts relative to the direct
or reference wavefront (Fig. 1(a)). This interference "hologram” thus contains
spatial information about the scattering object, which can be retrieved as an image point source
in several ways. Gabor suggested that the developed image plate could simply be (*a)
re-illuminated by a visible light reference wavefront (of wavenumber k and

wavelengih A), as shown in Fig. 1(b). The wavefronts thus diffracted by the image

plate would create a virtual image of the original object visible to the naked eye,

and magnified by a factor of k,/k. But the image reconstruction can also be

performed numerically using a Fourier-transform-like integral, as first pointed out

by Wolf (2). Holography is now of course widespread in science and technology,

with lasers at usually optical wavelengths providing the reference waves. Note

that, since the three-dimensional information of the r-space object field u(r)

(shown in Fig. 1 as an optical mask of the letter "F") is "encoded" hologrzlphically Transparent mask holographic

into a single-wavenumber two-dimensional k-space diffraction pattern x(k), both with point scalterers - . interdference pattern
a real and twin image of the optical mask are retrieved. This is due to the loss of {4020 x 4020) (1040 x 10ko)
spatial information perpendicular to the plane of the image plate recording the

diffraction patltern, and is by now overcome in optical holography by recording a

volume of holographic intensities by means of a thick recording medium (3).

Until recently, Gabor's goal of imaging at atomic resolution had not been (b) diffracted
attained, due to the lack of a source of sufficiently coherent radiation at such short , T waves
wavelengths. However, in 1986, Szoke observed that there is an atomic-scale ;C;T;?:g:ﬁl)
analog of Gabor's holographic scheme: photoexcited atoms produce outgoing
photoelectron or fluorescent-x-ray wavefronts, which then reach a far field
detector either directly, or after scattering by neighboring atoms surrounding the -
emitter (5). With a sub-Angstrom source size and wavelength, scattered 7 o T--
wavefront amplitudes and phases from atoms surrounding the emitter can thus be *twi “real T~ =
referenced to the directly emitted wavefront, as shown for the case of fluorescence
in Fig. 2(a). It was also pointed out a little later by Barton (4a,db) and =0
subsequently by Tong et al. (4c) that, by measuring diffraction patterns at different
wavenumbers, three-dimensional spatial information could be completely encoded
into a three-dimensional k-space volume of diffraction intensities %(k), from
which atomic images free of twin-image effects and other aberrations should be
directly obtainable.

Two other approaches for obtaining structural information at the atomic scale
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should also be mentioned, as illustrated in Fig. 3. First, atomic order and electron twin image real image holographic
density maps can be determined by so-called direct methods from the kinematical (40X x 401) (40X x 401) interference pattern
(single-scattering} diffraction technique, which exploits the translational symmetry 10k x 10K)

(Bragg planes) of a crystal (6) (Fig. 3(a)). The second is the use of multiple,
dynamical  scattering from single crystals to solve the phase
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FIGURE 1. (a)-(b} An idealized numerical demonstration of the creation and inversion of
single-waveaumber optical Gabor in-line holograms. (a) A point source of coherent
radiation at the origin illuminates a transparent mask wilh point scatterers creating the
letter *F* at r, as well as an image plate. This image plate is then exposed by a direct
wavefront, as well as by the wavelronls scattered by the mask, which produces a
holographic interference pattern. (b) The developed image plate is later re-illuminated
by a reference wavefront. The wavefronts diffracted by the image plate produce a
virtua! (real) image of the mask at r, and a virtual conjugate twin image at the inverse
position -r. (c)-(d) An analogous demonstration of the creation and inversion of optical
multiple-wavenumber holograms. (c) A multiple-wavenumber normalized (k) hologram
data set (of which one wavenumber is shown) is calculated from the object field u(r) by
means of an r-space convolution, using a keme! K(k.r) that describes the emission and
scatlering physics involved (here, optical scaltering in the far field regime). {d)} The
object field u(r) is recovered as an image intensity L{r) by a k-space deconvolution of
x(k), using a kemel x{k.r} thal is sufficiently orihogenal to K{(k.r). Note that the
conjugate twin image U(r = -’} has been suppressed, due to the volume of k-space
enclosed in the multiple-wavenumber (k) considered here.
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FIGURE 2. Atomic-scale analogs of Gabor holography. {(a) The first scheme suggested
by Sztike {5), in which an excitation x-ray first creates an inner-shell hole in one of many
equivalent fluorescing atoms, and this atom then emils fluorescent x-ray (or electron)
wavefronts that illuminate neighboring atoms, as well as a far field detector. This
detector senses the interference between the direct wavefront and wavefronts scattered
by the neighboring atoms. Moving the detector over a large solid-angle range builds up
a holographic interference pattern. (b) The time-reversed case of (a) as suggested by
Gog et al. (15), where a coherent far field excitation x-ray illuminates and photoexcites
an emitler, and also illuminates and is scatlered from atoms neighboring the emilter,
The emitling alom senses the interference between the direct wavefront and wavefronts
elastically scaltered by the neighboring aloms. The net photoexcitation is then detected
by a stationary, large sofid-angle detector. Moving the far field source over a large solid-
angle range builds up a holographic interference palttern. In both {a) and (b}, atomic
images can be reconstructed nurmerically.

problem of crystaliography (7-9), either via Kossel lines (Fig. 3(b)} (10) or
standing-wave methods (Fig. 3(c)} (11). The holographic approach is different
from these two methods in that it uses the interference pattern which results from
the direct unscattered wavefront emitted by a source atom, and the wavefronts
which have been singly scattered from neighboring atoms. This does not require

translational order (only rotational alignment) between the atomic neighborhoods
to be imaged.
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FIGURE 3. Diffraction probes of atomic structure relaled to atomic holography. (a)
Conventional x-ray crystallography, where x-rays are diffracled by Bragg planes of
atoms. Diffraclion phases are determined by the simultaneous analysis of many Bragg
intensities and other methods. (b) Kossel patterns {or Kikuchi bands, for the case of
electrons). Filuorescent x-rays {(or electrons) from a pholoexciled emitter are diffracted
by Bragg planes of aloms. Diffraction phases are thus here directly referenced to }he
unscaliered portion of the fluorescence. {c) X-ray standing waves, This is the op_hcal
reciprocal of (b), where a coherent plane wave illuminates a fluorescing atom either
directly, or after being scattered by Bragg planes of atoms. The interference between
these wavefronts determines the amount of fluorescence by the emitter. Note that in alf
these above cases, the struclure to be determined must have leng-range atomic order,
in contrast to the methods illustrated in Fig. 2.
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Basic Principles of Atomic ITolography

The process by which three-dimensional atomic image intensities are
numerically reconstructed is to first measure the intensity f(k) from a localized

source over some range of directions k = k/k and perhaps also some range of
wavenumbers k. Normalized holographic intensities x(k) are then derived from
either [/ (k)-,(k))/ JI,(K) or [Z(k)-7,(K)1/I,(k), where (k) is the raw
measured intensity, and [ (k) is the intensity that would be measured in the
absence of atomic scattering; that is, /,(k) is the unperturbed intensity of the
reference wave. The overall imaging process can be understood by first
considering the hologram to be a convolution of the r-space object field u(r).

k) = f[ 4Kk ru(r) +JHRd’r~K°(k,r)u'(r), (1)

where the convolution kernel X(k,r) somehow describes the physics of the
emission and atomic scattering of the photoexcited wavefronts, and R denotes the
volume in real space over which the object exists. This produces a three-
dimensional (k) volume in k-space, so as to completely encode three-
dimensional spatial information of the object field w(r). The reconstruction
algorithm is then most simply a k-space deconvolution of %(k) to obtain a real-
space U/{r') image intensity:

U@y = fff, @k e 0w, @)

where the reconstruction kernel x (k,r') has been chosen to be orthogonal to the

scattering kernel K(k,r), as integrated over a sufficiently large k-space volume,
that is, so that:

f], 2" (e YK U ) o B — ),
mxd’k-lc'(k,n‘)i{‘(k,r)zo 3)

If such 2 k(k,r') can be found, then the object field u(r} can thus be recovered as
the image intensity U(r') from Eqs. (1)-(3):

) = “‘Ld’r.[u(r)mxd’k-x'(k,f)K(k,r)+u'(r)mxd’k-n'(k,f)K'(k,r)]
= j.[jgd3“ u(r)S(r —r')
= u(r'). (4)
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So once the emission and scattering process that creates (k) can be sufficiently
modeled by a K(k,r) convolution kernel, then a deconvolution kernel k(k,r'} can
in principle be formulated so as to directly reconstruct atomic images using Eq.

@.

Atomic Holography Reconstruction

The basic algorithms used in reconstructing atomic holographic images can be
understood in the context of a single scattering (or kinematical) model of the
scattering process. We consider ¢ { kr to represent the photoexcited electron or
x-ray spherical wavefront that illuminates the {point-like) scattering atoms
surrounding the emitter (with the emitted wave assumed to be isotropic for
simplicity), f(©) to be the complex plane-wave atomic scattering factor
(= |/ (©)|expliy(©F)]), where O is the scattering angle, and k-r is the phase of
the scattered portion of this wavefront as it reaches the far field detector (Fig. 4).
Thus the total geometrical path-length phase difference between the reference and
scattered wavefronts is (k-r - k7). The convolution kernel for this scattering
process can then be expressed as:

K(k,l‘) = %?rlei(br-kr)- (5)

This choice for X(k,r) does not include any allowance for anisotropy in magnitude
or phase of the outgoing reference wave, which for the simple example of s-level
photoemission, takes the form of an additional factor of £k, where € is the
polarization vector of the radiation (12). Thus, in photoemission, reference wave
anisotropy is almost always present. However, for the case of Ko x-ray
fluorescence to be considered below, the outgoing reference wave should be
isotropic and randomly polarized, and thus be well described by Eq. ().

Another advantage of x-rays lies in the nature of f (©). Figure 5 shows the
magnitudes and phases of Ni atomic scattering factors for both x-rays and
electrons with wavelength A = 0.79A (or wavenumber k = 8.0A"). Note that the
x-ray scattering factors (Fig. 5(a)) are much weaker (by ~1/2000) and more nearly
constant in magnitude than those for electrons (Fig. 5(b)), and that the scattering
phase shifts for x-rays are also much smaller (by ~1/100) and more nearly constant
than those for electrons. Thus, for x-rays |f(®)] = constant =f,, and
W(O) = y, ~ 0, such that the simplest possible optical scattering kemnel resulis:

K (k1) « ¢ The reconstruction kernel that is most simply orthogonal to
this optical scattering kernel is thus x,(k,r')=€"“"™?, as first suggested by
Barton and Terminello (4b). Thus for the scattering of fluorescent x-rays, the
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FIGURE 4. Scattering geomelry be-
® tween a photoemitter and a neighbor-
ing scaltering atom. The photoemit-
ter is placed at the origin, while the
scatterer is located at the relative po-
sition r. The far field deteclor lies in
the direction k. The porion of the di-
rect wavefront that is scatlered by the
neighboring atom into the detector at
r depends on the scattering angle ©F
~. between r and k acconding to the

complex phase factor f(©F).

ernitter

(a) Ni x-ray |f(e) = fo Ni x-ray w(8) = yg
k=B.0A% (E=15.7%keV)
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FIGURE §. Ni scattering facler magnitudes (|f(®'r')|) and phases (W(@:)). as 8
function of scaltering angle O for (a) k = 8.0 A (E = 15.79keV) x-rays. (b) k= 8.0 A

(E = 244eV) electrons. G)'r‘ = 0° is the forward scattering direction, @'r‘ = 180° is the
hackscattering direction.

reconstruction algorithm of Eq. (2) becomes to a good approximation:
Uy = [ff d’kee ™ x). (6)

This §imple optical reconstruction algorithm has been used recently to obtain direct
atomic images from experimental single-wavenumber (13,14) and multiple-
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wavenumber (15,16) x-ray holographic data sets, as discussed further below.
For example, Fig. 1(c) schematically shows the optical holographic x(k)
intensities that were numerically calculated from the transparent "F" mask using

Eqgs. (1) and (5), over a range of different directions (k) and wavenumbers (k).
Figure 1(d) shows the numerically reconstructed real and twin images obtained
from the volume x(k) of Fig. 1(c). Due to the three-dimensional spatial
information that was encoded in the k-space volume encompassed by x({k), the
reconstruction algorithm of Eq. (6) suppresses the spurious twin image, while
increasing the fidelity of the desired real image (¢f. Fig. 1(b)).

The optical reconstruction algorithm of Eq. (6) was in fact first used to
reconstruct data from efectron holographic data sets, e.g. from photoelectron
diffraction (17-21), However, because of the generally anisotropic nature of the
photoemitted source wave, and the strong, non-optical and often multiple nature of
electron scattering, the single-scattering optical convolution kernel K,(k,r')ec
&7 does not accurately describe the process by which electron holograms are
produced, and consequently the optical reconstruction kernel x,(k,r') = g
will not in general satisfy the orthogonality condition (Eq. (3)) for electrons. Thus
Eq. (6), when applied to electron holograms, often results in images which suffer
from aberrations and position shifts (22-24). Nonetheless, useful atomic structure
information has been derived from electron holography, with various modifications
to the basic optical reconstruction kernel k,{(k,r'), and to the definition of the
reconstruction integral (Eq. (2)) itself being proposed (25-29), and comparative
reviews of different methods appearing elsewhere (30,31).

In summary, the atomic scattering of x-rays is much more nearly ideal than that
of electrons, and this suggests that a simple optical reconstruction kernel as in Eq.
(6) can be straightforwardly used to directly obtain atomic images from
holographic x-ray intensities, However, more sophisticated reconstruction kernels
and deconvolution integrals will probably be necessary to account for the non-ideal
nature of the propagation and scattering of electrons, in order to successfully
obtain the most accurate atomic images from holographic electron intensities, as
discussed elsewhere (25-31).

ATOMIC ELECTRON HOLOGRAPILY

In this section, we discuss the results of applying the imaging algorithm of Eq.
(6) to experimental and theoretical photoelectron diffraction results for W 4f
emission from the surface atoms of clean W(110), with the experimental data being
obtained by Denlinger, Rotenberg, and co-workers at Beamline 7.0 of the
Advanced Light Source at the Lawrence Berkeley National Laboratory (31). The
4f photoelectron peak (which contains & and g components due to the dipole
selection rule) can be resolved into bulk and surface core-level-shifted
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components, of which atomic images reconstructed from only surface
photoemission will be considered here. Photoelectron spectra were measured for
kinetic energies of £ = 41eV to 197eV (wavenumbers £ = 3.3A" to 7.2A"), and
collected over a polar takeofl angle range of 14° < & < 90° = normal emission.
These data points were measured at wavenumber intervals corresponding to 6k =
0.1A", and angular intervals of (50,54) = (3°,3°cosf) corresponding roughly to
equal solid angle elements, making a total of 12,280 unique measurements in a
symmetry-reduced 1/4th of the total solid-angle above the sample. For each
different wavenumber and direction, the W 4 peak was resolved into bulk and
surface emission components by integrating the areas under the lower and higher
flanks of the bulk and surface W 4f peaks, respectively, as shown in Fig. 6(a).
Figures 6(b)-(c) show the bulk and surface f(k) data sets in k-space, respectively,
as viewed down along [1T0]. Data points in the lower right quadrant have been
cut away to reveal the intensities (k) for the minimum & = 3.3A"; the other
quadrants show the intensities /(k) for the maximum & = 7.2A". The dack bands at
the perimeter indicate the locations in k-space on these iso-wavenumber surfaces
where data was not collected. Due to the strong atomic scattering of electrons,
the anisotropy of the raw [X(k) data, which we measure as
Al =1, —1..)11, is found to be = 30%, and is easily discernible with this
gray scale.

In order to determine the normalized ¥(k) from the raw /(k) intensities of
Figs. 6(b)-(c), /,(k) was determined by fitting a low order polynomial in
wavenumber & and polar angle 6 to /{k):

(k) =ay, +iiamk“ cof(2n-1)8], (11}

m=1 n=|

where the coefficients a,, are determined by a.least-squares fit to J(k). This is in
contrast to previous more approximate methods for determining [ (k} where
simple linear, low-order polynomial, or spline fits were separately made for each
set of different wavenumbers along a given direction: 1, (k), or each set of
different directions at a given wavenumber: 7, (k). Such separate normalizations
within each scanned-wavenumber or scanned-angle set of data points in J(k) arose
from the historical development of electron holography, in which data tended to be
collected with k-space resolution that was either fine-in-direction/coarse-in-
wavenumber or coarse-in-direction/fine-in-wavenumber (30,31). There has in fact
been a recent proposal to consider these k-space sampling choices as distinct
atomic structure probes (17(e)), but these choices simply represent extremes of a
continuous range of k-space sampling, of which the optimal choice has been
shown to be in the intermediate range of roughly equally resolved direction and
wavenumber data steps (30). Thus, this distinction (17(e)) is artificial, and not
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FIGURE 6. (a) Example W 4f,, photoelectron spectrum from clean W(110), with the
bulk and surface emilter contributions used to generate the /(k) intensity dala points of
(b)-(c) shaded In. (b)-{c) Schematic k-space representations of the raw (k) intensity
data sets for bulk and surface W 4f,,, emission, respectively. (d)-(e). Normalized bulk
and surface emission y(k) data sels, respectively, comrected for the unscattered intensity
I, (as derived from Eq. (11)} and an inner potential of V, = 14V.

consistent with the optimal use of the holographic methodology. As a
consequence, the normalization of /{k) intensities should ideally be made via the
determination of a general wavenumber and direction dependent [ (k)
background, as done here, rather than determined separately for each wavenumber
or direction in the f(k} data set.

Figures 6(d)-(e) show the normalized bulk and surface ¥ (k) finctions obtained
from the raw (k) intensities of Figs. 7(b)-(c), using the wavenumber and angle fit
I,(k} of Eq. (11), and after correcting for an inner potential of }; = 14V (32) to
yield electron wavenumbers and directions beneath the surface of the sample.
These data points were then remapped to a 8k = 0.1A", and (80,5¢) = (5°,5°)
grid over the range k = 3.85A" to 745A" (E = 56eV to 211eV), and 40° <8 <
90° range, for a final total of 6,697 unique intensities in the symmetry-reduced
1/4th of the solid angle above the sample.

For comparison, single-scattering and multiple-scattering models were used to
calculate the surface emission J(k) from a theoretical W(110) cluster (33). These
theoretical photoemission intensities were then also normalized using Eq. (11).

Figure 7 shows the reconstructed images in the vertical (112) plane obtained
from applying the optical reconstruction kernel of Eq. (6) to: (a) the experimental
surface emission y (k) of Fig. 6(¢); (b) the theoretical single-scattering % (k); and
(c) the theoretical multiple-scattering (k). The expected atomic image resolution
for this wavenumber and angular range of (k) in the horizontal [ 1 11] direction is
given by &x =~ n/Ak_= =/(2k__sin(B,,. ~-6_.)) ~ 0.3A, and in the vertical [110]
direction is given by 8z ~ n/ Ak, = n/(k_ —k_ cos(6_, —8,)) = 0.6A (34), and
these numbers are comparable to the actual atomic image resolutions in Fig. 7. As
noted above, Eq. {6) makes no special effort 1o suppress aberrations due to the
non-optical nature of the electron scattering process. In all of these images, the

170 backscattering atom and the ;%; and ;%% side scattering atoms are well-

resolved, with experiment and the more’® accurate multiple-scattering theory
showing the sharpest features for the backscattering atoms. In the experimental

image of Fig. 7(a), the %;; and ;%% atoms are shifted in toward the emitter (by =

0.7A), and downward from the z=0A surface (by = 0.2A), this is probably
primarily due to anisotropies in the photoemitted source wave and the atomic
scattering factor for such side-scattering directions.  As expected, the
backscattering 110 atom is better resolved due to the more ideal nature of
electron backscattering (¢f Fig. 5), with no significant position shift. The
experimental backscattering image is also less intense (=50%) than the side
scattering atomic images; and image intensities above and below z = -3.5A have
been scaled accordingly. This difference in relative image intensity is qualitatively
expected due to the longer inelastic attenuation path of the wavefront that
illuminates, and is subsequently scattered by, the backscattering atom, as compared
to the wavefront paths that involve the side scattering atoms. Despite these
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FIGURE 7. (a) W(110) atomic images obtained in the vertical (112} plane from
experimental and theorélical W 4f,, surface emission (k) dala sels, via (Eq. (6)). The
surface emitler site is indicaled by the dashed square, and the positions of the scalterers
(assuming no surface relaxation) are indicated by circles. The nearest and next-nearesl
scattering positions have been labeled. Axes are marked off in 1A unils, Image
intensities for z £ -3.5A have been rescaled, wilth the scale factors indicated on the
figures. (a) Images reconstrucled from the experimental ¢(k} data set of Fig. 6(e). (b)
Images reconstructed from a theoretical single scattering y(k) data sel. (¢). Images
reconstrucled from a theoretical multiple scattering (k) data set.

position shifts and aberrations, this atomic image overall gives good ab ifu'ﬁo
estimates of the positions of the atoms surrounding the surface W(110} emitter,
which could then be refined e.g., using R-factor comparisons of experiment with
model diffraction calculations for varicus structures.
The single and multiple scattering images of Figs. 7(b)-(c) are similar to
1YY

experiment in that the ;11 and 11 side scatterers exhibit side lobes which are

shifted in towards the emitter, and downward from the surface. However, the side
scattering atomic images of Figs. 7(b)-(c) differ from those of Fig. 7(a) in that the
theoretical image peaks are split. This splitting may be due to a number of
reasons, among them the differences between the theoretical and actual
wavenumber-dependent photoexcitation cross-sections, photoemitted source wave
angular distributions, and atomic scattering factors.  Still, these single- and
multiple-scattering models produce other image features that rather closely match
the experimental image of Fig. 7(a), even including the faint aberrations seen at
(x,z) = (£4A,0A). The most marked difference between the experimental image
of Fig. 7(a) and the single-scattering image of Fig. 7(b) is the triply-split
backscattering 110 atom in the latter, which is also very much weaker in intensity

(= 1%) relative to the 251 and 11! image peaks. This is mainly due to the

212 112
oversimpliification of the single-scattering model, as seen by comparing Figs. 7(b)

UMW

and (c). Note that in the multiple-scattering image of Fig. 7(c), the backscattering

110 peak intensity relative to the side scattering 137 and 34+ image peaks (=

33%) is more nearly that of Fig. 7(a) (~ 50%). This dramatic difference between
single and muitiple scattering can arise because each of the atoms in the multiple-
scattering model becomes a secondary emitter, which can then illuminate the atoms
surrounding them, especially the atom located at the 110 relative position. In this
way more scattering events contribute to the backscattering signal in the resulting
holographic x(k) intensities, and as such the reconstructed 110 atomic intensity
is much stronger for the image reconstructed from the multiple-scattering model
than that from the single-scattering model. Thus, the closer match between Fig.
7(c) and the experimental image of Fig. 7(a) graphically illustrates that multiple-
scattering more accurately describes the nature of the creation of the experimental
holographic photoelectron intensities 7(k) .

Atomic electron holography has been extensively tested on both bulk and
surface structures, with some notable successes to date being the determination of
structures of adsorbate overlayers (17c,192,20a,27b-c,) and reconstructed surface
structures (17¢,19b). This technique is most useful in that initia! atomic postlion
estimates can be determined, which can then be refined using a more standard
comparison of experiment and theory. Further improvements of image qguality in
atomic electron holography will lie primarily in the refinement of reconstruction
kernels and algorithms that more accurately account for the non-ideal atomic
scattering and propagalion of electron wavefronts, as well as the wavenumber
dependences and anisotropies in e source wave. Other holographic experiments
that await implementation in the near future are the monitoring of temperature and
coverage dependent structural phase changes; and spin-polarized photoelectron
holography (SPPH) (35), where spin-specific photoemission (or detection) could
be exploited to yield images of local atomic spin order.

ATOMIC X-RAY HOLOGRAPHY

In this section we review two experimental techniques for acquiring
holographic x-ray data, and show the results of imaging experimental and
theoretical x-ray holographic data sets involving both single and multiple
wavenumbers.

The first atomic x-ray holographic images were recently obtained using what
can be termed x-ray flnorescence holography (XIFH), as shown in Fig. 2(a). In
this work, Tegze and Faigel (13) measured the hologram by monitoring the single-
wavenumber Sr Ka emission (k = 7.145A", £ = 14.10keV) from a single crystal
of SrTi0,. 2,402 intensities were measured over a full cone of 60° half angle
above the surface. The final hologram was found to have anisotropies in intensity
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of Af /1, ~0.3%. These much smaller effects mean that more demanding detector
counting statistics are required in x-ray holographic measurements than with
comparable atomic electron holography measurements. The reconstruction of this
hologram via the optical kernel algorithm of Eq. (6) yields images of the Sr atoms
only, as the much weaker scattering strength of the Ti and O atoms renders their
images invisible compared to those of the Sr atoms. Figure 8(a) shows the
experimental image reconstructed in the (010) plane (36), and it is compared in
Fig. 8(b) to an image reconstructed from a theoretical x(k) for Sr Ko emission
from a simple-cubic Sr cluster of 27 atoms (14). The expected atomic image
resolutions at this hologram wavenumber and angular range are 8x = 0.3A in the
horizontal [100] direction, and 8z ~ 0.94 in the vertical {001] direction {34), and
are roughly comparable to the atomic images of Figs. 8(a)-(b}.

Reconstructing three-dimensional atomic images from a single-wavenumber
hologram yields twin images. In any structure with inversion symmetry, these
twins can overlap with real atomic images so as to confuse structural interpretation
(37,38). In addition, the real and twin atomic images for a particular wavenumber
and system can overlap completely out of phase, leading to an artificial suppression
of atomic image intensities (37,38). It is thus advantageous to reconstruct direct
atomic images from multiple-wavenumber (k) data sets so as to avoid such real-
twin image overlaps (4a,4b,38). However, such XFH holograms cannot be
measured at arbitrary wavenumbers, with the latter being limited by the intensity
and number of fluorescence lines of the photoemitting species (38,39).

Another method for obtaining x-ray holographic information at conveniently
chosen multiple wavenumbers has also very recently been demonstrated for the
first time by Gog ef al. (15,16), and its basic principle is illustrated in Fig. 2(b).
This method has been termed multiple energy x-ray holography (MEXH). MEXH
is the time-reversed version of the conventional geometry of XFH (Fig. 2(a)}, in
that the wave motions are reversed, and the emitter and detector positions are
interchanged (Fig. 2(b)) (15,16,39,40). The exciting external x-ray beam now
produces the reference and object waves, and the fluorescent atom acts only to
detect the interference between the direct and scattered wavefronts in the near
field. The emitted x-rays are now collected by a distant detector with a large
acceptance solid angle, in principle yielding much higher effective counting rates.
The far field source wave can be set to any wavenumber (energy) above the
fluorescence edge of the emitting species. thus permitting holograms at multiple
wavenumbers and yielding in principle atomic images with no real-twin image
overlaps (15,16,39). Specifically, muitiple-wavenumber x-ray holograms have
been measured to date for hematite (o — Fe,0,(001}) (15,40), and for Ge(001)
(16}). '

We show the results of applying the optical kernel algorithm of Eq. (6) to
experimental and theoretical MEXH data for o —Fe,0,(001) as measured by

Gog and co-workers on Beamling X-14A of the National Synchrotron Light
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FIGURE B._ X-ray fluorescence holography atomic images of SITiQ; In the vertical (010)
p_lane. obtained from (a) experimental (13) and (b} theoretical (14} Sr Ka x(k) data sets,
via Eq. (8). The Sr emitter site is indicated by the dashed square, and nearest-neighbor

?Rd ngtxt-nearesl-neighbor Sr scatlerers are indicated by circles. Axes are marked off in
units.

Source at Brookhaven National Laboratory (15,40). Fe Ka fluorescence was
excited by horizontally polarized radiation in the range &k = 4.561A" to 5.220A" (£
= 9.00keV to 10.30keV) that was incident on the « — Fe,0,(001) sample surface
over a polar angle range of 60° < @ < 90° = surface normal. These data points
were measured at three wavenumbers with intervals of 5% = 0.329&" (8E =
650¢eV), and at angular intervals of (80,6¢) = (5°,5°), making a total of 435
unique measurements in a symmetry-reduced 1/3rd of the total solid-angle above
the _s‘ample. Figure 9(a) illustrates the orientation of the sample with respect to the
horizontal (&) polarization vector, with the vertical (€,} polarization vector shown
also to permit discussing other possible experimental geometries. Figure 9(b)
shows the raw measured /(k) data set in k-space, as viewed down along [001], in
the same format as Figs. 6(b)-(d). Data points in the fourth quadrant have been
cut away to reveal the k = 4.561 A" J(k) intensities, while the other quadrants show
the & = 5.220A" J(k) intensities. Note that the much weaker atomic scattering of
x-rays renders the antsotropy of the raw (k) data (AI/I, ~ 0.5%) barely
discernible with this linear gray scale,

Due to the limited wavenumber range of this /(k) data set, a separate (k)
was determined for each of the three different wavenumber holograms via a low-
pass filter (34), thereby including in /,(k)} the reference wave, as well as
carrections for the effects of x-ray absorption during both excitation and emission.
Figure 9(c) shows the normalized % (k) obtained by this method from the raw I(k)
intensities of Fig. 9(b).

For comparison to the experimental results, 2 single-scattering model (38,41)
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k incident
e radiation

FIGURE 9. (a) Orientation of the sample {where i is the surface normal) with respect 1o
the horizontal (&,) and verlical (Ez) polarization vectors of the incident radiation k. (b}
Schematic k-space representation of the raw measured Kk) intensily data set for Fe Ka
fluorescence from a-Fe,0,(001) excited by horizontally polarized radiation. (¢} The
normalized (k) data set. The format is the same as Figs. 6{(b)-(d).

was used to calculate a theoretical y{k) from an ideal o - Fe,0,(001) cluster
containing 384 Fe atoms with two inequivalent Fe emitter sites as appropriate to
the hematite lattice. The O atoms were not included due to their much smaller
scattering power {15). The incident radiation in this model calculation is polarized
horizontally with respect to the § and § rotation axes of the cluster (¢f. Fig. 9(a)),
as was the case in the measurement of the experimental J(k) data set discussed
above. Because the incident radiation is polarized, the x-ray scattering fa.ctor in
Fig. 5(a) must be further multiplied by the Thomson scattering factor, which has
the form sin? © ¥, where @Y "is the angle between the polarization vector of the
incident radiation €, and the direction k' of the scattered radiation. Thus, there .will
be nodes in the incoming scattered object waves along the polarization direction,
and emitter atoms near this direction will not be strongly influenced by x-ray
scattering. For the present case, the use of horizontal polarization is therefore a
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FIGURE 10. Multiple energy x-ray holegraphy (MEXH) atomic images of a-Fe,0,(001)
in the horizontal (002) plane situated 5.89A below each of the two types of Fe emilters,
obtained from (a) experimental and (b) theoretical Fe Ka x(k) data sets, via Eq. (6). Fe
scatterers in the bi-layer just above or below this plane are indicated by dashed circles,
and Fe scalterers in relative positions common to both inequivalent Fe emitters are
indicated by bold circles. Axes are marked off in 1A units.

disadvantage in the imaging of horizontal planar structures such as those in
o —Fe,0,(001), which is comprised of closely stacked horizontal Fe bi-layers
with (001) orientation. The effect of such horizontally polarized incident radiation
(via the Thomson cross section) is thus to strongly suppress atomic images in the
basal (001) plane of the emitter, but to much less suppress images in horizontal
planes farther above and below the emitter plane (40).

Figures 10(a) and (b) show the reconstructed atomic images in the (002) plane
situated at z = -6.89A below the emitter and obtained by applying Eq. (6) to the
experimental and single-scattering theoretical (k) data sets, respectively. The
expected image resolutions in the horizontal ([100] and [120]) directions are
3x =8y ~ 0.6A (34). The experimental and theoretical images are very similar in
that three of the Fe atoms from the neighboring upper bi-layer intrude into the
(002) image plane. This intrusion is due to the limited wavenumber and angular
range of the x(k) data points in k-space (as compared to the larger wavenumber
and angular range for the electron x(k)'s in the previous section), which results in
atomic images much less resolved in the vertical [001] direction: 5z =2.5A (34).
Still, since these images are reconstructed from a multiple-wavenumber % (k) data
set, they should be freer of real-twin image overlaps (4,15,16,38-40).

As a future prospect, using unpolarized incident radiation in MEXH, or
perhaps rotating the entire sample-detector complex by 90° so as to measure
holograms with both horizontal polarization and vertical polarization (with the
polarization vector in the plane formed by the azimuthal rotation axis {the normal
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of the sample surface) and the x-ray incidence direction, would allow atomic
images to be reconstructed for atoms in all horizontal and vertical planes.

In fact, however, there also exist some classes of structures where it would be
sufficient to utilize horizontally polarized incident radiation, and for which vertical
structural information is more important than horizontal planar structure. These
include some surface structure problems and buried epitaxial atomic layers. We
specifically illustrate what might be learned for a buried atomic layer by
considering theoretically a single Ge "§-layer" buried in Si(001) (40). The Ge
atoms in the 5-layer are assumed to lie in horizontal epitaxial sites with respect to
the surrounding Si(001), such that structural information in the horizontal plane of
a Ge emitter is relatively unimportant compared to the possibly strained vertical
distances between the Ge &-layer atoms and the Si neighbors above and below
them (42). Thus using horizontally polarized incident radiation to record a MEXH
Ge Ka y(k) data set for this system may prove to be sufficient, and perhaps even
advantageous.

As an example, Figs. 11(a)-(c) show the Thomson scattering factors for
unpolarized, horizontally polarized, ‘and vertically polarized incident radiation,
respectively. Figs. 11(d)-(f) show the reconstructed atomic images in the vertical
(170) plane obtained from applying Eq. (6)to a theoretical single-scattering x(k)
data set calculated for these polarization modes (unpolarized, horizontally
polarized, and vertically polarized) for an ideal Ge 3-layer buried in a Si(001)
cluster with no vertical strain. These MEXH (k) intensities were calculated at 7
wavenumbers (energies) for radiation of k = 6.081A" 1o 9.1224" (£ = 12.00keV
10 18.00keV) that was incident over a polar takeofT angle range of 10° < 6 < 90°,
and with wavenumber (energy) steps of 8k = 0.507A" (BE = 1.00keV) and angle
steps of (50,8¢) = (5°,5°), yielding a total of 1,897 unique data points in the
symmetry-reduced 1/4th of the total solid-angle above the cluster. The higher
wavenumber and larger wavenumber and angular ranges of these MEXH (k)
data sets ensure better resolved atomic images (5x =8y = 0.2A; 5z =0.4A) than
those of Fig. 10 (34). The Ge d-layer atoms are well-defined in the image obtained
with unpolarized radiation (Fig. 11(d)), and the Si atoms in the layer directly above
the Ge &-layer are fairly well resolved, but the Si atoms in the top center of the
image along the [001] direction are poorly resolved, being farther away from the
emitter. In contrast, in the image obtained with horizontally polarized radiation
(Fig. 11(e)), the Si atoms above and below the Ge §-layer, including those at top
center and bottom center of the image along the [001] direction, are clearly imaged
compared to those in the basal plane of the Ge 8-Jayer. Thus, it appears that the
strained vertical interlayer distances could be determined in an MEXH experiment
on this system using horizontally polarized incident radiation. Figure 11(f) shows
the image obtained with vertically polarized incident radiation, where in contrast to
Fig. 11(¢), the Ge 8-layer atoms are strongly evident, compared to the suppressed
images of the Si atoms above and below. Should both vertical and horizontal
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FIGURE.H. (8)-(c) Thomson scattering factors for unpolarized, horizontally polarized
and vertical polarized incident radiation, respectively. {d)-(f} Multiple energy x-ra);
holegraphy imfges of a single Ge layer embedded in Si{001) (Si(001)/Ge-&/Si(001)) in
the verl.ical {110) plane obtained from theoretical Ge Ka (k) data sels via Eq. (6}, for:
unpotarized, horizontally polarized, and wvertically polarized incident radia'tion.
respectively. The Ge emilter site is indicated by the dashed square, and the Ge S-Iaye;
scatterers are indicated by solid squares. The Si atoms direcily above and below the Ge
&-layer are indicated by circles. Axes are marked off in 1A units.

-stn_:ctural information be desired for a given syétem with only linearly polarized
incident radiation for excitation, then % (k) intensities measured using horizontally
and vertically polarized radiation separately could simply be added to determine
the MEXH x(k) intensities for most of the solid angle above the sample that cne
would measure using unpolarized incident radiation (40). The use of circularly
polarized incident radiation should also be advantageous in this respect (40). In
prder to determine the vertical strain in this system (an effect of a few percent)
increased spatial resolution of atomic images could be obtained by measuriné
holographic x{k) intensities at higher wavenumbers (34).

T.hus atomic x-ray holography holds much promise for the imaging of local
atomic structure surrounding a specific emitter species of interest. The more ideal
atomic scattering nature of x-rays produces reconstructed images that are
.relatively free of the aberrations, artifacts, and position shifts that are usually found
in comparable electron atomic holographic images. XFH and MEXH also share
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the advantage of being element specific, thus the local st‘ruclure around each
atomic type in a sample can be determined. In additiop, neither XFH or MEXH
requires a sample with long range crystalline order; it need only .be ml'mma]ly
ordered to within the potential imaging volume surrounding the emitter site that
can be resolved with the k-space resolution of a given x(k) data set (30,38). In
contrast to the bulk structures considered in the initial implementation o'f this
technique, atomic x-ray holography would be advantageously used‘ to image
structures with only short-range order which cannot be detenrun?d using
conventional x-ray diffraction probes, such as surface and buried atomic layers;
strained atomic lattice positions surrounding dopant sites (Fig. 12(a)); as well as
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FIGURE 12, Schematic represeniation of two types of short-range-order aton:nc
structures that could be fruitfully studied using atomic x-ray holography, together with
their expected reconstructed images. (a) Strained _Iauice atoms surrounding dopam
siles. (b} Rotationally aligned macromolecules with poor long-range translational

symmetry.
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the structure of macromolecules which do not exhibit perfect translational
symmetry in crystal form (Fig. 12(b)). But one can also imagine using x-ray
holography as a adjunct to conventional x-ray diffraction, with good estimates of
local structures and phase relationships being derived to assist the diffraction
analysis. Exploitation of linear and circularly polarized incident radiation in
MEXH may also be utilized to emphasize horizontal and/or vertical structures of
interest.

CONCLUDING REMARKS

In conclusion, holographic atomic imaging with localized single-atom sources
of electrons or x-rays promises to become an important structural probe that will
complement, or in some respects even surpass, conventional diffraction methods or
other atomic structure probes. These holographic methods should be applicable to
a wide variety of systems of practical and fundamental interest. X-ray holography
of either the single-wavenumber fluorescence type or the multiple-wavenumber
(inverse) type promises to yield more accurate images due to the more ideal
scattering of x-rays, although the much weaker diffraction effects observed with
x-rays also present challenges in measurement. However, with brighter sources of
X-rays at next-generation synchrotron radiation facilities, and the development of
faster detectors, these experimental problems should be surmountable. Thus,
although much experimental and theoretical work lies ahead if we are to develop
both the electron and x-ray techniques to their fullest potential, the final fulfillment
of Gabor's dream for atomic-resolution holography seems well worth the effort.
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