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Multiple energy x-ray holography: Incident-radiation polarization effects

P. M. Len
Physics Department, University of California, Davis, California 95616

T. Gog*

Oak Ridge National Laboratory at the National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 1

D. Novikov
Hamburger Synchrotronstrahlungslabor HASYLAB am Deutsches Elektronen-Synchrotron DESY, 22603 Hamburg, Germa

R. A. Eisenhower
Oak Ridge National Laboratory at the National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 1

G. Materlik
Hamburger Synchrotronstrahlungslabor HASYLAB am Deutsches Elektronen-Synchrotron DESY, 22603 Hamburg, Germa

C. S. Fadley
Physics Department, University of California, Davis, California 95616

and Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720
~Received 21 November 1996; revised manuscript received 12 February 1997!

Multiple energy x-ray holography~MEXH! measures both phase and amplitude information for x rays
scattered from an incident reference beam, from which three-dimensional atomic images can be directly
reconstructed. The angular distribution of the x-ray scattering is highly dependent on the polarization direction
via the Thomson scattering cross section. We consider here the effect of incident x-ray polarization on images
of Fe atoms reconstructed from theoretical and experimental MEXH data fora-Fe2O3(001) ~hematite!. We
also illustrate such polarization effects theoretically in the enhancement of specific atomic structural informa-
tion of ideal Fe trimers, and a Ged-layer buried in Si~001!, where the use of different polarization modes and
experimental geometries is found to strongly influence atomic images.@S0163-1829~97!04224-0#
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I. INTRODUCTION

Gabor proposed holography as a means of surpassing
current limitations of electron microscopy, specifically b
experimentally recording the amplitude and phase of s
tered wave fronts relative to a direct unscattered refere
wave.1 Later, Szo¨ke observed that the phases of atomica
scattered photoelectron or fluorescent x-ray wave fronts
be referenced to the direct or unscattered wave front.2 This
assumes that the electron or x-ray emission is from a hig
localized core excitation. Thus, structural information on
atomic environment surrounding each emitting atom
uniquely encoded in the holographic photoelectron or fl
rescence intensities, as detected in the far field outside
sample. Algorithms to retrieve direct three-dimension
atomic images from these holograms have subsequently
developed3–7 and successfully implemented in application
e.g., photoelectron diffraction data.8–12

These holographic principles have also been demonstr
theoretically for x rays,13,14 and more recently experimen
tally implemented in two distinct forms: single energyx-ray
fluorescence holography~XFH!,15 andmultiple energy x-ray
holography~MEXH!.16,17MEXH is the time-reversed recip
rocal method of XFH, and the relationship between th
two methods has been discussed in detail in an ea
study.18 MEXH is found to be more versatile in that aberr
560163-1829/97/56~3!/1529~11!/$10.00
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tions and twin-image overlaps can be suppressed by re
structing images from holograms covering a range of diff
ent energies,3,14 but it is also more strongly influenced i
both positive and negative ways by the polarization of
incident radiation, and this is the topic of the present pap

While preliminary MEXH images of Fe atoms in hemati
„a-Fe2O3(001)… have been reported in a previous study16

we here present additional experimental and theoret
atomic images in order to illustrate the effects of the pol
ization of the incident radiation used, which can enhance
suppress the images at specific atomic locations. These
fects are also theoretically demonstrated through the imag
of simple Fe trimers and a Ged-layer buried in Si~001!, a
dilute species-specific structure that is ideally suited
MEXH studies. The limitations and future prospects of th
method, specifically as related to polarization effects,
also discussed.

II. IMAGE RECONSTRUCTION OF MEXH DATA

As illustrated in Fig. 1~a!, raw MEXH I (k) intensities are
measured by detecting the net fluorescence from a sam
that is illuminated with coherent radiation incident over d
ferent directions and energies. The fluorescing emitter
tects the overall radiation field strength resulting from a
perposition of wave fronts elastically scattered
1529 © 1997 The American Physical Society



ro

er

-
he
er
-

it
he
-
-

s-
age

,

cat-
ich

nse
ere
pli-

o-
l
-
a-
og
ro-
.
ed

e

the
tion

t
5
the

g
ay
s

that
opy

tical
han
nts
r
mic
cts,
phy

nt

ar-

n
so
a
a
ar
v
pa
l

XH

at

1530 56P. M. LEN et al.
neighboring atoms and the direct, unscattered wave f
~i.e., the direct or reference wave!. The amount of fluores-
cence is thus determined by the interference of the scatt
and direct wave fronts at the emitting atomic site.16–18Nor-
malized x~k! intensities are obtained viax(k)5@ I (k)
2I 0(k)#/AI 0(k), where I (k) is the raw measured fluores
cence, andI 0(k) is the fluorescence due specifically to t
unscattered, direct wave-front excitation of the emitt
These normalizedx~k! intensities ink space can be consid
ered anr -space convolution of the object fieldu(r ) of the
scattering atoms surrounding the emitter at the origin, w
the convolution kernel describing all of the physics of t
x-ray scattering.19 This object field can in principle be recov
ered as an image intensityU(r 8), via ak-space deconvolu
tion of thex~k! data set that is in its simplest ‘‘optical’’ form
given by

FIG. 1. ~a! Multiple energy x ray holography. A coherent far-
field excitation x-ray illuminates and photoexcites an emitter, a
part of it scatters off of atoms neighboring the emitter in doing
The emitting atom senses the interference between the direct w
front, and wave fronts elastically scattered by the neighboring
oms. The net photoexcitation is then detected by a stationary, l
solid-angle fluorescence detector. Moving the far-field source o
a large solid-angle range builds up a holographic interference
tern. ~b! Orientation of the sample~wheren̂ is the surface norma
~@001#! with respect to the horizontal (ê1) polarization vector of the
incident radiationk. The polar rotation axisû is parallel toê1 . ~c!
Schematick-space representation of the raw measured ME
I (k) intensity data set for Fe Ka fluorescence from
a-Fe2O3(001) as excited by horizontally polarized radiation
three energies ofk54.561, 4.891, 5.220 Å21 ~E59.00, 9.65,
10.30 keV!. ~d! The normalized MEXHx~k! data set.
nt

ed

.

h

U~r 8![EEE
K
d3k•e2 i ~k•r82kr8!x~k!. ~1!

This multiple energy imaging algorithm, and its positive a
pects in suppressing twin images and other sources of im
aberrations was first pointed out by Barton,3~a!,3~b! and subse-
quently proposed in a slightly different form by Tong
Huang, and Wei.3~c! The kernele2 i (k•r82kr8) implies that the
scattered x rays are isotropic in amplitude, and that the s
tering phase shift is zero, or at least constant, both of wh
conditions are reasonably well met for the scattering ofun-
polarized x rays.14 However, since MEXH is most easily
done on synchrotron-radiation beamlines whose most inte
radiation has very strong linear polarization, we explore h
the consequences of the highly anisotropic scattering am
tudes which result largely due to Thomson scattering.

III. THEORETICAL AND EXPERIMENTAL IMAGES
OF a-Fe2O3„001…

We now show results of applying the reconstruction alg
rithm of Eq. ~1! to experimental and theoretica
a-Fe2O3(001) ~hematite! MEXH x~k! data sets, with the ra
diation polarization being explicitly included in the calcul
tions. The experimental MEXH data was measured by G
and co-workers at beamline X-14A of the National Synch
tron Light Source at the Brookhaven National Laboratory16

FeKa fluorescence was collected for horizontally polariz
incident-radiation spanning three energies fromk54.561 to
5.220 Å21 (E59.00–10.30 keV) and incident on th
a-Fe2O3~001! sample over a polar range of 60°<u<90°.
The experimental geometry is illustrated in Fig. 1~b!, with
the relationship between the horizontal polarization and
rotation axes of the sample being indicated. The polariza
here is parallel to the polar rotation axis (û) of the sample,
with the azimuthal rotation axis (f̂) being parallel to the
surface normal. These data points were measured atdk
50.329 Å21 (dE5650 eV) energy intervals, and a
(du,df)5(5°,5°) angular intervals, making a total of 43
unique measurements in a symmetry-reduced 1/3rd of
total solid angle above the sample. Figure 1~c! shows the raw
measuredI (k) intensities ink space, as viewed down alon
@001̄#. Data points in the fourth quadrant have been cut aw
to reveal thek54.561 Å21 I (k) intensities. The dark band
at the perimeter indicate the locations ink space on these
isoenergy surfaces where data was not collected. Note
the weak atomic scattering of x rays renders the anisotr
of the rawI (k) data (DI /I 0'0.5%) barely discernible with
this gray scale; and thus much more demanding statis
accuracy is required in x-ray holographic measurements t
in comparable atomic electron holography measureme
~whereDI /I 0'30%!.20 However, the more ideal and weake
nature of the atomic scattering of x rays also produces ato
images that are relatively free of image aberrations, artifa
and positions shifts compared to atomic electron hologra
images.14,21–23

Due to the limited energy range of thisI (k) data set, a
separateI 0(k) was determined for each of the three differe
hologram energies via a high-pass filter,24 thereby including
in I 0(k) the reference wave as well as any low-angul
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frequency effects in the initial excitation of the x-ray and t
subsequent absorption as the fluorescence exits the sa
via

I 0~k!5

EE
k̃
I ~ k̃!e2@~k2 k̃!/s#2sinũ dũ df̃

EE
k̃
e2@~k2 k̃!/s#2sinũ dũ df̃

. ~2!

All of these effects need to be removed from the rawI (k)
intensities before applying the imaging algorithm. Figu
1~d! shows the normalizedx~k! obtained by this method
from the rawI (k) intensities of Fig. 1~c!, with holographic
modulations more visible.

For comparison, a single-scattering model14,25was used to
calculate a theoretical MEXHx~k! data set from an ideala
2Fe2O3~001! cluster containing only 384 Fe atoms occup
ing the two inequivalent Fe emitter sites appropriate to t
crystal structure. The O atoms were omitted, as they will
negligibly strong in the resulting reconstructed images du
their relatively smaller scattering power.16 The incident ra-
diation in this model calculation is polarized horizonta
with respect to theû andf̂ rotations performed on this clus
ter, just as for the measurement of the experimentalI (k) data
set discussed above@cf. Fig. 1~b!#. As the sample was rotate
over the 60°<u<90° range of the experimental data, th
polarization ~and the resultant Thomson cross section! ro-
tated also with respect to the crystal structure, but with
average overall effect still of having much stronger scatter
for atoms above and below a given emitter along the surf
normal or@001# direction.

Figure 2 schematically shows ther -space regions in the
vertical ~120! and horizontal~002̄! planes that would have
enhanced/suppressed image intensities due to the effe
using horizontally polarized incident radiation, relative to t
image intensities obtained from an unpolarized incident
diation MEXH data set. The image intensity in Fig. 2 is th
the ratioUhorizontal(r 8)/Uunpolarized(r 8), with white represent-
ing a value of unity, and gray, values of,1. As can be seen
in Fig. 2, the use of horizontally polarized incident radiati
would most strongly suppress atomic images in the horiz
tal ~001! plane containing the emitter, with this suppressi
being less in horizontal planes farther above and below
emitter plane. Images along the@001# axis would be least
suppressed by using horizontally polarized incident rad
tion. Thus, using horizontally polarized radiation in the g
ometry of Fig. 1~b! would in fact be disadvantageous in th
study of horizontal planar structures such as those preva
in a2Fe2O3~001!, which is comprised of closely stacke
horizontal Fe bilayers.

We now show the reconstructed atomic images obtai
from applying Eq.~1! to the experimental~Fig. 3! and theo-
retical ~Fig. 4! single-scattering model MEXHx~k! data sets
for a2Fe2O3~001! in ~a! the vertical~120! plane, and~b! the
horizontal ~002̄! plane that is 6.89 Å below the emitte
These images are the all superpositions of images for bot
the inequivalent Fe emitter sites, with these emitter sites
dicated by a common dashed square at the origin, and
relative positions of the Fe scatterers indicated by circles
scatterers just above or below the~002̄! Fe bilayer are indi-
ple,
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cated by dashed circles, and Fe scatterers in relative posi
common to both inequivalent Fe emitters are indicated
bold circles. The atomic image resolutions expected fr
x~k! data sets of this energy and angular range24 are dx
5dy'0.6 Å in the horizontal~@001# and @120#! directions,
and dz'2.5 Å in the vertical~@001#! direction, and these
resolutions are indicated by white error bars in the figur
The experimental and theoretical images are in excel
agreement. In particular, both experiment and theory sh
that three of the Fe atoms from the neighboring upper bila
intrude into the~002̄! image plane. This is due to the limite

FIG. 2. Theoretically calculated ratio of image intensities o
tained using horizontally polarized incident radiation and image
tensities obtained using unpolarized incident radiation
a-Fe2O3(001), in~a! the vertical~120! plane, and~b! the horizontal
~002̄! plane of 6.89 Å below the emitter. The superposition of bo
inequivalent Fe emitter sites is indicated by a dashed square, an
scatterers are indicated by circles. Fe scatterers in the bilayer
above or below this plane are indicated by dashed circles, an
scatterers in relative positions common to both inequivalent
emitters are indicated by bold circles. Axes are marked off in 1
units.
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1532 56P. M. LEN et al.
energy and angular range of thex~k! data set ink space,
which results in atomic images much less resolved in
vertical @001# direction.24 Also, as expected from the sup
pression of horizontal image intensities that arises from
use of horizontally polarized incident radiation, the
atomic images in the~001! plane are not visible in Figs. 3

and 4~a!, and the~002̄! in-plane atoms~10
2̄

1̄
, 01

2̄

1̄
, etc.! are

also not visible in Figs. 3 and 4~b!, due to their horizontal
distance from the@001# axis. The only Fe atomic images th
have not been appreciably suppressed lie more nearly a
the vertical@001# direction above and below the emitter@cf.
Figs. 2~a!, 3~a!, 4~a!#. In spite of the image suppression du
to the polarization of the incident radiation, and the reso
tion loss due to the limited energy and angular range of th
x~k! data sets, the resulting images are found to exhib

FIG. 3. Reconstructeda-Fe2O3(001) atomic images obtaine
from an experimental MEXH data set measured with horizonta
polarized incident radiation, in~a! the vertical~120! plane, and~b!
the horizontal~002̄! plane. The image resolution expected from t
energy and angular ranges of thisx~k! data set are indicated by th
white error bars.
e

e

ng

-
se
a

suppression of real-twin image overlaps, as they are rec
structed from a multiple energyx~k! data set.3,14,16–18

IV. EFFECT OF INCIDENT POLARIZATION ON
MEXH HOLOGRAPHIC INTENSITIES

In order to best image horizontal and vertical atomic p
sitions simultaneously, utilizing unpolarized incident rad
tion would be ideal. However, because synchrotron radia
is the most practical experimental MEXH incident-radiati
source due to its energy tunability, high brightness, and
tentially high-energy resolution~e.g., via undulators and/o
crystal monochromators!, linearly polarized incident radia
tion must be considered. We thus now discuss in more de
the effect of incident radiation polarization on the creation
MEXH x~k! intensities for two model systems.

Figure 5 shows the Fe atomic scattering factor magnitu
u f Fe(Q)u for x rays at k55.220 Å21 (E510.30 keV),
whereQ is the angle between the incident~k! and scattered

y
FIG. 4. As in Fig. 3, but for images obtained from a theoretic

horizontally polarized MEXH data set.
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FIG. 5. Scattering factor magnitudes fork
55.220 Å21 (E510.30 keV) x-rays incident on
atomic Fe.Q is the angle between the inciden
~k! and scattered (k8) wave vectors.~a! Fe
atomic scattering factor, in relative units of ele
trons. ~b!–~d! Thomson electron scattering fac
tors, in absolute units ofr e[2.81831025 Å, for
~b! unpolarized,~c! vertically polarized, and~d!
horizontally polarized incident x rays.
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~k8! wave fronts.25 The raw Fe scattering factor magnitud
as given in relative electron-scattering units@Fig. 5~a!#, is
converted to absolute units by multiplying by the Thoms
scattering factor for a single electron interacting with eith
unpolarized or linearly polarized light, as the case may
The general form of the well-known Thomson scattering f

tor is sinQê
k8 , whereQ ê

k8 is the angle between the polariz
tion vector of the incident radiationê, and the directionk8 of
the scattered radiation. Figures 5~b!–5~d! show the Thomson
scattering factors for unpolarized, horizontally polarized, a
vertically polarized light, respectively. The ‘‘peanut’’-shape
unpolarized electron-scattering factor@Fig. 5~b!# has an azi-
muthal symmetry about the incident wave-vector axis, wh
this symmetry is broken for the ‘‘bagel’’-shaped linearly p
larized scattering factors@Figs. 5~c!–~d!#, which for horizon-
tal and vertical polarization show preferential scattering
the vertical and horizontal directions, respectively.

The effect of polarized incident radiation in MEXH ca
be demonstrated by considering the idealx~k! holograms
created by simple@001# and@100# linear Fe trimers oriented
along the vertical or horizontal direction, respectively,
r
.
-

d

e

s

shown to the left of Figs. 6–8. In these calculations, t
trimers were rotated with respect to the incident-radiat
polarization so as to simulate a real experimental situa
with a movable sample and a fixed beamline. Figures 6
show the expected holographic intensities in the full up
2p hemisphere above these Fe trimers, as viewed do
along the @001̄# directions, for a hologram energy ofk
55.220 Å21 (E510.30 keV). The holographic interferenc
fringes in the case of unpolarized incident radiation are v
ible as azimuthal bands for the vertical@001# Fe trimer in
Fig. 6~a!, and as vertical bands centered along the@100# di-
rection for the horizontal@100# Fe trimer in Fig. 6~b!. Fig-
ures 9–11 show the atomic image intensities reconstru
via Eq. ~1! along these trimers. The full width at half max
mum of these image peaks are close to the resolutions
pected from the energy and angular range of thesex~k! data
sets~dx'0.31 Å; dz'0.61 Å!.24

Figure 7 shows the MEXHx~k! holograms from these
same Fe trimers, but in the case of incident-radiation po
ized horizontally with respect to a stationary synchrotr
source, where the polarization vectorê is parallel to theû
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FIG. 6. Normalized holographic intensitiesx~k! as calculated
for Fe Ka fluorescence excited byk55.220 Å21 (E
510.30 keV) unpolarized x rays incident on two different Fe tri
ers, viewed down along@001̄#. ~a! @001# Fe trimerx~k!. ~b! @100# Fe
trimer x~k!.

FIG. 7. As in Fig. 6, but for the case of horizontally polarize
incident radiation.
rotation axis, as shown in Fig. 1~b!. Due to the azimuthal
symmetry of the horizontal polarization with respect to t
@001# Fe trimer for all incident-radiation angles, the resultin
hologram in Fig. 7~a! is virtually identical ~although rela-
tively less intense, due to the loss of one polarization mo!
to the unpolarized incident-radiation hologram in Fig. 6~a!.
However, thex~k! hologram intensities for the@100# Fe tri-
mer in the case of horizontally polarized light are suppres
in directions perpendicular to the@100# trimer axis @Fig.
7~b!#. There, the Thomson scattering factor selects aga
scattering between the trimer atoms, such that there is m
reduced holographic information in these regions. This eff
is seen in the reconstructed images of Fig. 10, where
@001# Fe trimer image peaks@Fig. 10~a!# are now approxi-
mately four times higher in intensity than the@100# Fe trimer
image peaks@Fig. 10~b!#. Thus horizontal polarization em
phasizes atomic images along the vertical azimuthal a
while suppressing horizontal planar atomic images, as no
before for the more complexa2Fe2O3~001! case.

Figure 8 shows the MEXHx~k! holograms from the@001#
and@100# Fe trimers, in the case of incident radiation pola
ized vertically with respect to a stationary synchrotr
source, where the polarization vectorê2 is now always per-
pendicular with theû rotation axis. Again, due to the az
muthal symmetry of the vertical polarization with respect
the @001# Fe trimer for all incident radiation angles, the r
sulting hologram in Fig. 9~a! is nearly identical in the uppe

FIG. 8. As in Fig. 6, but for the case of vertically polarize
incident radiation.
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polar regions to the unpolarized incident radiation hologr
in Fig. 7~a!, but is weaker in intensity for lower polar angle
where the polarized Thomson scattering factor sele
against scattering between the trimer atoms, leading to
duced holographic information in these regions. For
@100# Fe trimer hologram, the polarized Thomson scatter
factor suppresses holographic intensities in the upper p
regions parallel to the@100# trimer orientation. This effect is
seen in the reconstructed images of Fig. 11, where the@001#
Fe trimer image peaks@Fig. 11~a!# are now approximately
half the intensity of the@100# Fe trimer image peaks@Fig.
11~b!#. Thus for horizontal polarized incident radiation, h
lographic intensities in specific regions are suppressed
both the@001# and @100# trimers, but the net effect for im
ages reconstructed from the full upper 2p hemisphere is to
suppress peak intensities along the vertical@001# axis more
than in the horizontal plane.

Therefore compared to unpolarized incident radiation,
early polarized incident radiation reduces the amount of s
tial information corresponding to specific atomic sites ava
able in MEXH x~k! intensities. Horizontally polarized
incident radiation suppresses holographic and reconstru
image intensities for atoms in the horizontal~001! plane of
the emitter, while emphasizing intensities for atoms in
vertical @001# axis through the emitter. For low polar angle
vertically polarized incident radiation suppresses low take
anglex~k! intensities from atoms in the vertical@001# axis
through the emitter, while emphasizingx~k! intensities from
atoms in the horizontal plane of the emitter; these effects
reversed when higher polar angles are considered for v
cally polarized incident radiation. When taken over the en
full upper 2p hemisphere ofx~k! intensities, reconstructe
image intensities for atoms along the vertical@001# axis are

FIG. 9. Reconstructed atomic images obtained from the theo
ical unpolarized incident-radiation MEXHx~k! data sets of Fig. 6,
for ~a! the @001# Fe trimer, and~b! the @100# Fe trimer. Image
intensities are scaled in arbitrary units relative to each other.
distancesr8 along the trimer axes~whether @001# or @100#! are
marked off in 1-Å units.
ts
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suppressed more, relative to atoms in the horizontal plan
the emitter.

V. EFFECT OF INCIDENT POLARIZATION ON
MEXH ATOMIC IMAGES

In order to illustrate the possible utility of linearly pola
ized incident radiation in obtaining MEXH atomic image
we consider a general class of structures where it should
advantageous to utilize horizontally polarized incident rad
tion, and for which vertical structural information can b
much more desirable than horizontal structural informati
surface atomic layers and buried epitaxial atomic layers
specific case theoretically illustrated here is a Ged-layer bur-
ied in Si~001!. The Ge atoms in thed layer are here assume
to lie in horizontal epitaxial sites with respect to the su
rounding Si~001!, such that structural information in th
horizontal plane of a Ge emitter is relatively unimporta
compared to the strained vertical distances between the
d-layer atoms and their Si neighbors above and be
them.26 Thus using horizontally polarized incident radiatio
to record a MEXH GeKa data set for this system or othe
like it may prove to be advantageous.

MEXH x~k! intensities were calculated for unpolarize
horizontally polarized, and vertically polarized radiation i
cident on an ideal Ged-layer buried in a Si~001! cluster
containing a total of 96 atoms, where for simplicity no ve

t-

e

FIG. 10. As in Fig. 9, but for images reconstructed from t
horizontally polarized incident-radiation MEXHx~k! data of Fig. 7.
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1536 56P. M. LEN et al.
tical interlayer strain was considered. The incident radiat
ranged in energy fromk56.081 to 9.122 Å21 (E
512.00–18.00 keV), which is above the GeK absorption
edge~k55.625 Å21 or E511.00 keV!, and enables the im
aging of the equivalent atomic environment surround
each Ge emitter. This radiation is incident over a polar ra
of 10°<u<90°, and these holograms were calculated
seven energies corresponding todk50.507 Å21 (dE
51.000 keV! and (du,df)5(5°,5°) intervals, for a total of
1 897 unique data points in a symmetry-reduced1

4th of the
total solid-angle above the cluster. The higher energy
larger energy and angular ranges of this MEXH data ens
better resolved atomic images ~dx5dy'0.2 Å;
dz'0.4 Å! than those of Figs. 3 and 4.24

Figure 12 shows the reconstructed atomic image in
vertical ~1̄10! plane obtained by applying Eq.~1! to the the-
oretical unpolarized incident-radiation MEXHx~k! data set.
The typical Ge emitter site is indicated by a dashed squ
Ge scatterers are indicated by squares, and the bulk Si
terers are indicated by circles. In this image the Ged-layer
atoms are well defined, and the Si atoms in the layer imm
diately above thed layer are moderately resolved. Images
the Si layers further above, and below thed layer are faintly
discernible with this gray scale.

In contrast, atomic images reconstructed from linearly
larized incident-radiation MEXH x~k! data sets are
enhanced/suppressed in specific regions, relative to the

FIG. 11. As Fig. 9, but for images reconstructed from the ho
zontally polarized incident-radiation MEXHx~k! data of Fig. 8.
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polarized incident-radiation atomic images of Fig. 1
Figures 13~a! and 14~a! show the relative image enhanc
ment ratios Uhorizontal(r 8)/Uunpolarized(r 8) and Uvertical(r 8)/
Uunpolarized(r 8), respectively, for atomic images reconstruct
in the ~1̄10! plane from horizontally and vertically polarize
incident-radiationx~k! data sets. As seen earlier in Fig. 2~a!,
Fig. 13~a! shows that atomic images along the vertical@001#
axis through the emitter~i.e., the 001 and 001̄atoms! will be
most enhanced relative to images near the horizontal~001!

plane~the
2̄

1̄

2̄

1̄
0,

2̄

1

2̄

1
0,

4̄

1̄

4̄

1̄
4
1, and 4

1
4
1

4
1 atoms! when recon-

structed from MEXH data obtained with horizontally pola
ized incident radiation. The image regions specifically e
hanced in Fig. 13~a! differ slightly from that of Fig. 2~a!, due
to the different energy and angular ranges of their respec
x~k! data sets. Figure 13~b! shows the reconstructed atom
images obtained from horizontally polarized MEXH data
the vertical~1̄10! plane, where as expected the Ged-layer
atomic images are suppressed relative to the prominen
atomic images along the@001# axis. Thus strain in the verti-
cal interlayer distances in this system would be most ea
determined in an MEXH experiment using horizontally p
larized incident radiation.

Figure 14~a! shows that atomic images in the horizont

~001! plane~i.e., the
2̄

1̄

2̄

1̄
0 and

2̄

1

2̄

1
0 atoms! will be enhanced

relative to images in the vertical@001# axis ~the 001 and 001̄
atoms! when reconstructed from MEXH data obtained wi
vertically polarized incident radiation. Figure 14~b! shows
the reconstructed atomic images in the vertical~1̄10! plane
obtained from such a data set. Similar to the unpolariz
images of Fig. 12, the most prominent features in Fig. 14~b!
are the Ged-layer atoms, followed by the Si atoms in th
layer immediately above them. However, the faint Si atom

-

FIG. 12. Reconstructed Si~001!/Ge-d/Si~001! atomic images ob-
tained from a theoretical unpolarized incident-radiation MEX
x~k! data set, in the vertical~1̄10! plane. The typical equivalent Ge
emitter site is indicated by a dashed square, Ge scatterers are
cated by squares, and Si scatterers are indicated by circles. Axe
marked off in 1-Å units.
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images in the outlying planes of Fig. 12 are strongly su
pressed in Fig. 14~b!, both due to their distance from the G
emitter, and the vertical polarization of the incident rad

FIG. 13. ~a! Ratio of image intensities obtained using horizo
tally polarized incident radiation to image intensities obtained us
unpolarized incident radiation, in the vertical~1̄10! plane.~b! Re-
constructed Si~001!/Ge-d/Si~001! atomic images obtained from
theoretical horizontally polarized MEXH data set, in the vertic
~1̄10! plane.~c! As in ~b!, but corrected for the effects of the pola
ization of the incident radiation.
-

-

tion. Thus, recording MEXH intensities with vertically po
larized incident radiation would not be most ideal for th
particular system, but would be ideal for the imaging of oth
structures where atomic images in the horizontal~001! plane
would be of more interest.

Also, note, the presence of faint image aberrations in F
13~b! and 14~b! near the emitter, as compared to Fig. 1
These aberrations are due to there being less hologra

g

l

FIG. 14. As in Fig. 13, but for the case of vertically polarize
incident radiation.
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information overall~i.e., fewer visible hologram fringes! in
the MEXH x~k! data sets obtained with polarized incide
radiation, relative to the set obtained with unpolarized in
dent radiation~cf. Figs. 6–11!.

The relative intensities of the atomic sites that have b
preferentially/detrimentally imaged due to the polarization
the incident radiation can be restored. The use of a so-ca
SWIFT ~scattered-wave included fourier transform! correc-
tion to the reconstruction algorithm of Eq.~1! is one method
for accomplishing this, given by4~a!

U~r 8![EEE
K
d3k•

e2 i ~k•r82kr8!x~k!

f Fe~Qk
r8!sin~Qê

r8!
. ~3!

Here, one is simply dividing by the strength of the scatte
wave associated with an atom alongr 8. However, doing this
type of correction becomes problematic due to the node

the Thomson scattering factor sin(Qê
r8), such that the inte

grand in Eq.~3! will have divisions by zero. Anad hoc
solution would then be to limit the SWIFT correction to t
angular regions where the Thomson scattering facto
appreciably nonzero.27,28 However, we also note that th
relative intensities of atomic sites enhanced/diminished
polarization effects can be restored simply by dividing
images by the appropriate enhancement ratiosRenh
5Upolarized(r 8)/Uunpolarized(r 8). Determining this ratio doe
not require the direct experimental measurement ofx~k! in-
tensities obtained using polarized and unpolarized incid
radiation, as we find from an analysis of exact calculati
for various geometries that it can be approximated using

Renh5
Upolarized~r 8!

Uunpolarized~r 8!
'

EEE
k
d3k•sin~Q ê

k8[r8!

EEE
k
d3k• 1

2
A11cos2~Qk

k8[r8!

.

~4!

The enhancement ratio is thus approximated by the rela
contribution to an atomic image atr 8 due to thek-space
domains inx~k! that are selectively enhanced by the pol
ized Thomson scattering factor. Figures 13~c! and 14~c!
show the reconstructed atomic images of Figs. 13~b! and
14~b! that have been corrected by dividing out the appro
ate approximate polarization~horizontal and vertical, respec
tively! enhancement factor of Eq.~4!. The relative intensities
between all of the atomic sites in the corrected images
Figs. 13~c! and 14~c! are now well restored to uniform va
ues, in comparison to the unpolarized atomic images of
12. Note that the atomic sites that have been detrimen
io
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affected by the use of polarized incident radiation are
cernible in both uncorrected@Figs. 13~b! and 14~b!# and cor
rected images@Figs. 13~c! and 14~c!#; merely the relativ
intensities between all atomic sites have been equaliz
the corrected polarized images. As expected, the faint i
aberrations in Figs. 13~b! and 14~b! persist in the correcte
images of Figs. 13~c! and 14~c!, due to the overall loss
signal to noise in polarized incident-radiationx~k! data sets
compared to the image reconstructed from the unpola
incident-radiationx~k! data set~Fig. 12!.

VI. CONCLUSIONS

Multiple energy x-ray holography holds much promis
the imaging of local atomic structure surrounding a spe
emitter species of interest, as demonstrated here in th
experimental data obtained with it, and for the model sy
of buried atomicd layers. However, there are strong effe
in these atomic images due to the Thomson scattering
section when the linearly polarized radiation is used for
citing the fluorescence signal. Utilization of horizontally
vertically polarized incident radiation can emphasize ver
or horizontal atomic structures, respectively. Approxim
procedures for correcting for this nonuniformity in ima
strengths are also discussed. If full three-dimensional at
structural information is desired from a specific sample,
either unpolarized or circularly polarized radiation should
used for excitation, or the sample should be mounted
that it can be illuminated by either linear polarization m
relative to the polar and azimuthal rotations being carried
on it. MEXH intensities that would be measured for the c
of unpolarized incident radiation also can be determ
from the two individual polarized MEXH data sets as
tained over most of the solid angle above the sample.
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