
VOLUME 76, NUMBER 17 P H Y S I C A L R E V I E W L E T T E R S 22 APRIL 1996

ermany
Multiple-Energy X-Ray Holography: Atomic Images of Hematite (Fe2O3)
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Multiple-energy x-ray holography (MEXH) is employed to image the local atomic environment of
Fe atoms in hematite. MEXH utilizes synchrotron radiation to generate an interference field within the
sample, and then determines the strength of this near field at specific atomic sites from the integrated
fluorescence yield. Scanning an extended volume of reciprocal space, the local atomic structure
in Fe2O3 is reconstructed by Fourier transformation from the hologram. Image aberrations known
to distort single-energy holograms are effectively suppressed by summing data for several incident
energies. [S0031-9007(96)00036-1]

PACS numbers: 61.10.–i, 07.85.–m, 42.40.–i, 61.14.–x
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The quest for direct three-dimensional images of atom
structures led Gabor [1] to the discovery of holography
1948, although atomic resolution was not quite achiev
in his time. In recent years it has been pointed out t
interference patterns generated by radiation from ato
sources inside a solid, e.g., photoelectrons, Auger e
trons, or x rays, can be thought of as a holograp
record and that meaningful real-space images can be re
structed from them [2]. Holographic imaging algorithm
for both single- and multiple-energy measurements w
put forth [3–5], and, as far as electron emission is co
cerned, these ideas have been verified experimentally
17]. Electron emission holography thus shows consid
able promise as a new surface structure probe. Most w
in this field has been concerned with photoelectron hol
raphy, where the virtue of multiple-energy measureme
as a straightforward way to avoid image aberrations is w
established [6–13]; however, important contributions a
have come from Auger electron holography [14], backsc
tered Kikuchi holography [15], and diffuse low energ
electron and positron diffraction holography [16,17].

For x rays, these holographic ideas are equally if n
more attractive. The isotropic nature of the referen
and scattering wave fronts, the absence of strong mu
ple scattering and the longer mean free path make x r
a versatile probe for bulk, surface, and interface investi
tions. Various possibilities have been explored theor
cally and by computer simulation in great detail [18,19
In fact, experimental atomic images have recently be
obtained from asingle-energyx-ray fluorescence hologra
phy (XFH) data set, collected from a SrTiO3 sample [20].

This present work goes beyond XFH, demonstrating
new method that realizes the full potential ofmultiple-
energyx-ray holography (MEXH). It can be viewed as
time reversal of the more conventional XFH, utilizing th
optical reciprocity theorem in the sense that the positio
of radiation source and detector are interchanged and
3132 0031-9007y96y76(17)y3132(4)$10.00
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optical beam paths are reversed. Exploiting this revers
was inspired by an earlier experiment in which x-ray
standing waves (XSW) and Kossel lines were found to b
intrinsically equivalent, but with XSW yielding superior
results over Kossel lines for various practical reasons [21
XSW and Kossel lines can be considered to be stron
diffraction contributions in respective scattering series fo
which the holographic signal in reversed and convention
geometry is the next weaker single-scattering term. Henc
the same characteristic advantages applying to XSW mu
apply to MEXH also and it is these advantages tha
enabled recording an x-ray hologram and reconstructing
holographic image corresponding to the immediate vicinit
of Fe atoms in a hematite crystal.

In XFH, depicted in Fig. 1(a), fluorescence from atom
inside the sample is excited by some suitable ionizing rad
ation, which can be x rays as well as electron or ion beam
Fluorescence from a particular target atom “A,” approach-
ing a detector located at a large distance from the sample
a direct path, constitutes the holographic reference bea
with energyEF and wave vector$k. In other directions, flu-
orescence is scattered by neighboring atoms at positions$rj .
Part of this singly scattered fluorescence, the holograph
object beam, will travel directly towards the detector an
interfere with the reference beam. By moving the dete
tor on a far-field sphere around the sample, the resultin
holographic pattern of intensityIs $kd can be recorded, nor-
malized, and transformed into a real-space reconstruct
holographic imageUs $rd.

With MEXH, shown in Fig. 1(b), the source of radiation
and the detector are interchanged. The detector used
XFH is now replaced by a point source of x rays, producin
a plane wave with energyEg and wave vector$k at the
sample. The target atomA, which formerly served as a
source of radiation, becomes a detector now, indicatin
the electric field strength at its core through the tota
amount of fluorescence it emits in all directions. Thu
© 1996 The American Physical Society
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FIG. 1. (a) XFH: externally excited fluorescence from
target atomsA, serving as a holographic reference bea
directly approaches a detector located at a large dista
from the sample. Fluorescence scattered from neighbo
atoms, traveling towards the detector and constituting the ob
beams, interferes with the reference. Moving the detec
around the sample, an intensity patternIs $kd is recorded which
is Fourier transformed to yield an atomic resolution hologra
(b) MEXH: incident monochromatic radiation from a dista
point source propagates directly towards a target atomA,
forming a holographic reference beam. Scattered radiat
serving as the object beam, overlaps and interferes with
reference atA. Scanning the wave vector both in directio
and magnitude results in an intensity patternIs $kd at A, which
is measured by collecting fluorescence emitted fromA in all
directions.

the incident wave front serves as the holographic refere
beam, whereas the portion scattered at neighboring ato
then traveling towards atomA, comprises the object beam
Reference and object beams interfere with each ot
modulating the electric field atA. By scanning the wave
vector in direction and magnitude, an intensity patternIs $kd
is generated, which again can be normalized and Fou
transformed to yield an atomic holographic imageUs$rd.

In summary, the main difference between XFH a
MEXH is that XFH utilizes monoenergetic fluorescen
from internal atomic sources to generate a holograp
scattering field, which is detected in the far field. Wi
MEXH, a tunable incident x-ray beam generates the sc
tering field; the detector is located in the near field. Flu
rescence in the latter case is used as a secondary indi
only; it does not play a role in the generation of the p
mary scattering field.

By virtue of the optical reciprocity theorem, the tw
holography schemes described above should in prin
ple be equivalent; however, some practical aspect
MEXH make it superior over XFH. First, with MEXH
,
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a monochromatic incident beam is employed, which w
not contribute to the signal background at the fluoresce
energy as a broadband incident beam can. Second,
linearly polarized character of the incident beam wh
using synchrotron radiation favors scattering in the pla
formed by the beam and the direction perpendicular to
polarization, thereby enhancing the image of atoms in t
plane. The information contents of the x-ray hologram
MEXH can be selectively varied and does not require
fine a sampling of reciprocal space as would be the c
otherwise. Fluorescence from atomic sources is alw
unpolarized and does not offer this additional degr
of freedom introduced by polarization. Third and mo
important, the ability to tune the monochromatic incide
energy enables sampling a large volume in recipro
space by varying both the magnitude and direction
$k, thereby avoiding image aberrations which can qu
drastically distort holographic images extracted fro
single-energy data, as discussed previously [18,19].
proper summation of data collected at different energ
will suppress holographic twin images, multiple sca
tering [4], and accidental image cancellations [19] ve
effectively, thus reducing the artifacts that plague me
surements utilizing only a singe fixed fluorescence ener
It is imagined that the field of application of MEXH
will eventually encompass the imaging of solid sta
surfaces, buried interfaces, which are mostly inaccess
to electron techniques, defect sites in bulk crystals, a
other structures involving very diluted constituents, su
as nanocrystals or atomic clusters.

To study the feasibility of x-ray holography for atomi
resolution imaging, initial measurements were conduc
at the Hamburger Synchrotronstrahlungslabor HAS
LAB. A set of three-dimensional MEXH data, sufficientl
large for reconstruction of a holographic image was la
collected at the Oak Ridge National Laboratory bea
line X-14A at the National Synchrotron Light Source o
Brookhaven National Laboratory. The experimental set
is shown schematically in Fig. 2. A focused, monochr
matic x-ray beam is incident on the sample. The sam
is mounted on a six-circle diffractometer permitting th
required scan motions for holographic recording, name
a variable inclinationQ of the sample surface with re
spect to the incident beam and a rotationF around the
surface normal. Fluorescence emitted from the sampl
collected by a cylindrical graphite analyzer with succee
ing proportional counter. The angular acceptance of
analyzer was approximately 14± in the direction of the
curvature and 0.5± along the straight width. While cov-
ering only a small portion of the entire half sphere abo
the sample this acceptance is large enough to provide
eraging of the fluorescence field, thus suppressing lo
structure such as Kossel lines.

The sample was a natural slab of hematite (Fe2O3) with a
surface normal parallel to the (001) direction and a mos
spread of less than 0.01±. The crystal structure of hematite
3133
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FIG. 2. Experimental configuration for MEXH measuremen
at beam line X-14. Monochromatic synchrotron radiatio
is incident on the sample, which is scanned in terms
the inclination angleQ and azimuthal angleF. Fe Ka
fluorescence is collected by a curved graphite analyzer a
proportional counter. A typicalF scan atE  9.65 keV and
Q  55±, after correcting for detector dead time, is shown i
the inset. The signal modulation is approximately 0.5% of th
total counts, on an otherwise constant background.

can be conveniently described in a hexagonal system w
lattice constantsa  5.038 Å andc  13.772 Å. Viewed
along the$c axis, it consists of alternating layers of iron
and oxygen atoms, where iron layers in themselves
separated into two planes spaced about 0.6 Å apart
two different stacking orders exist. A schematic renderin
of such an iron layer is shown in Fig. (a). For the firs
kind of stacking order black circles denote atoms in a
upper plane while gray circles are atoms in an low
plane; for the second kind white circles mean upper pla
atoms and black circles constitute the lower plane. Sin
MEXH cannot distinguish between different iron layers,
superposition of both structures is expected to be pres
in a holographic reconstruction of these layers.

In the present experiment, fluorescence intensities w
measured for three incident energiesEg  9.00, 9.65,
and 10.30 keV, corresponding to wave-vector magnitud
of j $kj  4.56, 4.89, and5.22 Å21, respectively. Scans
were performed on an angular grid ofsDQ 3 DFd 
s5± 3 5±d within ranges of45± # Q # 85± and260± #

F # 160±, yielding sufficient energysDj $kjd and angular
$k-spacesjD $kjd resolution to avoid coarse sampling alia
artifacts for radii smaller thanR , pyDj$kj  4.38 Å
around an atomic emitter [22]. Thus it should be poss
ble to image the nearest neighbors of Fe in hematite
distances of 2.91 Å. Fluorescence data from a typic
F scan, collected at an incident energy of 9.65 keV,
Q angle of 55±, and after applying a correction for dea
time effects of the detector, are shown in the inset of Fig.
The modulation of the integrated yield displays an amp
tude of the order of 0.5% of the total counts on an otherwi
constant background. Because of the threefold symm
try about the crystal’s$c axis, the measured intensitiesIs $kd
could be mapped onto the entire2p hemisphere above the
sample. A normalized hologramxs $kd was then obtained
3134
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FIG. 3. (a) Structure of a hematite (0,0,1) Fe double lay
Shown are all possible Fe locations for two different stacki
orders (refer to text). (b) Image resulting from a theoretic
calculation for a hematitelike Fe site. (c) (color) Holograph
reconstruction of a (0,0,1) Fe layer of hematite from expe
mental data. Visible are the six nearest Fe neighbors (three
each kind of stacking order) to the center atom at distance
2.9 Å. Corner atoms on the hexagonal base grid can be ide
fied up to distances of 8.7 Å.

by subtracting a background fluorescence intensityI0s $kd,
which was derived fromIs $kd through a Gaussian low-pas
convolution [23].

Using algorithms proposed previously for multiple
energy holography [4,5], a real-space atomic image w
obtained fromxs $kd for a basal (0,0,1) plane, passin
through an Fe atom. This particular reconstruction, sho
in Fig. 3(c), is a superposition of two different Fe laye
as described above. Therefore six nearest Fe neigh
of the central emitter (three for each kind of stackin
order) appear in the image at distances of 2.9 Å fro
the center, slightly shifted inwards from their “rea
positions due to the small imaginary part of the compl
scattering factor of Fe. Corner atoms on the hexago
grid can be identified unambiguously, even at distan
of up to 8.7 Å. Distortions of the grid are due to th
angular pattern underlying the data collection which w
incommensurate with the crystal symmetry and rath
coarse. Images of oxygen atoms were expected to
absent due to a scattering cross section approximately
times smaller than that of Fe.
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To put this holographic image reconstructed from exp
imental data into perspective, calculations based on c
ters of Fe atoms were performed. These clusters were
structed to match the immediate environment of the t
Fe sites present in hematite. An image reconstructed f
these theoretical data, shown in Fig. (b), agreed well w
the experiment.

Besides imaging the (0,0,1) plane, an attempt was m
to reconstruct the hematite (1,1,0) plane. Not all of the
atoms expected to appear were visible, which is attribu
to a loss of image resolution along the$c axis as a direct
consequence of the limited range of energy and solid an
available as well as the nature of the scattering of
polarized incident synchrotron radiation. Images of th
plane should become further resolved with extended d
scans and a different orientation of the sample with resp
to the incident direction of polarization.

While these first MEXH results are very encouragin
several issues have to be addressed before this metho
be promoted into the sphere of routine analytical tools.
primary concern is the data acquisition time for a compl
x-ray hologram, which was of the order of 150 h in th
current experiment and is directly related to the capabi
of the detector to record fluorescence at high count ra
Recording atø106 s21 would be desirable, but at the sam
time it is necessary to disperse energy sufficiently to clea
separate fluorescence from the incident beam. Studies
underway using a faster detector indicate that, for b
crystals, a reduction of data acquisition time by 1 order
magnitude is readily achievable. To make samples w
diluted constituents accessible to this method, howev
will require a detector which covers a much larger so
angle than presently available, in combination with high
quantum efficiency and an increase in incident flux.

Nonetheless, the results presented above demons
that multiple-energy x-ray holograms are feasible and t
this method shows promise of becoming a powerful n
tool for directly imaging atomic structures in the bulk or
surfaces and interfaces of solids.
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