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Abstract

c-ray holography is a novel method for three-dimensional (3D) imaging of local atomic structure, which utilizes

the internal reference principle of holography. In this work, the possibility of applying c-ray holography for direct

3D imaging of the geometric and magnetic structure in compound epitaxial films and in low-dimensional systems

is investigated using realistic simulations performed for magnetite Fe3O4. � 2002 Elsevier Science B.V. All rights

reserved.

Keywords: X-ray scattering, diffraction, and reflection; M€oossbauer spectroscopy; Photoelectron holography; Magnetic films; Iron oxide

1. Introduction

c-ray holography [1,2] is a novel structural
method utilizing the M€oossbauer effect and the in-
ternal source principle of holography [3]. With this
method, it was possible to obtain three-dimen-
sional (3D) images of the local structure in a a-57Fe
epitaxial film grown on a MgO(0 0 1) substrate.
The most promising feature of c-ray holography
is the ability to record holograms characteristic
of ions in different chemical environments and
characterized by different hyperfine interaction
parameters. Although sensitivity to hyperfine in-
teraction parameters has not been directly shown

in a holographic experiment yet, such a possibility
is given by a M€oossbauer experiment [4] and will be
discussed throughout this paper.
Holography with internal reference: This variant

of holographic imaging was proposed to overcome
the crystallographic phase problem and it was for
the first time applied in electron diffraction [5].
Radiation (electrons or photons) emitted by ex-
cited internal sources (atoms/nuclei) inside a sam-
ple may reach an external detector either directly
(the reference wave) or after scattering on nearby
atoms (the object waves). If the environments of
all emitting atoms are similar and are similarly
oriented a recorded two-dimensional (2D) pattern
can be treated as an in-line Gabor hologram [6]
and it can be inverted to give a 3D image of the
local structure inside the sample. Holography with
an internal reference was also demonstrated for
hard X-rays in the direct one [7] and so-called
time-reversed version [8]. The biggest problem in
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all X-ray holography is that the signal is weak and
the strongest synchrotron sources are needed to
make this technique widely applicable. The reso-
nant nuclear scattering cross-section is two orders
of magnitude higher then the cross-section for
X-ray scattering allowing tabletop holographic ex-
periments. Until now, c-ray holography was dem-
onstrated in the time-reversed version.
Principle of time-reversed c-ray holography: In

the time-reversed version of c-ray holography [1]
14.41 keV c-rays from a radioactive source (57Co),
illuminate a sample containing a M€oossbauer iso-
tope (57Fe). The energy of c-rays is tuned to a
particular M€oossbauer transition in the sample by
changing the Doppler velocity of the source. Any
particular nucleus in the sample can be excited in a
resonant way by either direct c-ray photons (acting
as the reference wave) or previously resonantly
scattered photons (acting as the object wave). The
excited nucleus de-excites and emits conversion
and Auger electrons, which are then detected to
probe the c-ray field intensity at the site of the
absorbing nucleus. A 2D hologram is collected
point-by-point while the sample is rotated relative
to the direction of the c-ray beam. The holo-
graphic inversion procedure, so called reconstruc-
tion, is performed numerically [9] and yields a real
space picture of the local environment of the ab-
sorbing nuclei.
Aim: In this work, the application of c-ray

holography for imaging of the local structure in
compound systems will be investigated. In partic-
ular, the possibility of recording complex holo-
grams characteristic of local environments of Fe
nuclei with different hyperfine parameters will be
discussed. The discussion will be based on realistic
simulations performed for magnetite (57Fe3O4).
The most fundamental problems are: (i) What is
the intensity of the holographic signal, resulting
from nuclear resonant scattering, for magnetite? Is
it possible to acquire the hologram in a reason-
able time? (ii) How strong is the scattering of c-
rays in an undesired but competing nonresonant
Thomson X-ray electronic scattering process? (iii)
Is the kinematical approximation valid? (iv) What
is an optimal acquisition scheme? (v) Is it possible
to image the local structure in low-dimensional
systems?

2. Properties of magnetite Fe3O4

2.1. Crystallographic structure

Magnetite Fe3O4 crystallizes, above the Verwey
transition, in the inverse spinel structure [10]. This
structure may be conveniently seen as built from
alternate stacking of two different cubes as shown
in Fig. 1, which form a basis in a fcc lattice with
the lattice constant a0 ¼ 8:396 �AA. There are two
types of Fe sites (both named according to the
configuration of the oxygen environment): the
tetrahedral (A sites) occupied by 8 Fe ions and
octahedral (B sites) occupied by 16 Fe ions. In
addition there are 56 oxygen ions in the unit cell,
which results in the formal chemical formula Fe3þ

(Fe3þFe2þ)(O2�)4. The A sublattice is occupied
exclusively by Fe3þ ions, whereas the B sublattice
contains both Fe2þ and Fe3þ ions. Although all
the Fe ions in the A sublattice and all the Fe ions
in the B sublattice have the same atomic envi-
ronments, the spatial orientations of neighboring
atoms differs even for ions within the same sub-
lattice. Therefore, for holographic imaging, one
has to take into account two nonequivalent posi-
tions of FeA ions and four nonequivalent positions
of FeB ions.

Fig. 1. Structure of magnetite Fe3O4 may be conveniently seen

as constructed from alternate stacking of two different cubes.
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2.2. Magnetic properties and the M€oossbauer spec-
trum

Since both the hyperfine magnetic field value
and the isomeric shift differ for the ions in the A
and B sublattices, the M€oossbauer spectrum of
Fe3O4 consist of two Zeeman sextets correspond-
ing effectively to Fe3þ and Fe2:5þ ions in the tet-
rahedral and octahedral sublattices, respectively
[10]. The easy magnetization axes are parallel to
h111i directions. Fig. 2 shows a conversion elec-
tron M€oossbauer spectrum of an epitaxial magne-
tite film grown on a MgO(0 0 1) substrate. The
lines 1A and 1B of the spectrum, corresponding to
1=2 ! 3=2 nuclear transitions for nuclei in A and
B sublattices, respectively, are well separated and
can be used for recording of magnetically resolved
complex holograms.

3. Details of the calculation

The holograms were calculated according to the
theory introduced in Ref. [11], which includes
single scattering events, both for nuclear and elec-
tron scattering. The calculations were performed
for all nonequivalent detector nuclei inside spher-
ical clusters with the diameter of about 12.5 �AA. The
clusters represent a thin epitaxial film or an en-
semble of epitaxialy grown islands of magnetite.
The calculation was performed for lines 1A and 1B

of the M€oossbauer spectrum shown in Fig. 2. Since
the lines are sufficiently separated in energy, the
nuclear scattering was calculated only within one
sublattice at once. Contrastingly, the electronic
scattering was calculated for all atoms inside the
clusters. Holograms characteristic of different ab-
sorbing nuclei were added incoherently since the
emission of the conversion electrons goes through
the inelastic channel. In addition, incoherent aver-
aging was performed for all possible magnetiza-
tion directions of the sample.

As shown in Ref. [2], an unambiguous real-
space picture may only be obtained from complex
holograms. The complex holograms are built from
two measurable holograms (so called real and
imaginary or sine and cosine holograms) corre-
sponding to the nuclear scattering phase shifts
differing by p=2. Otherwise, when the holographic
reconstruction is performed based on a single ho-
logram, the twin-images may overlap with real-
images causing cancellation of particular nuclear
images [12]. In holographic experiments the re-
quired phase difference of p=2 is not directly fea-
sible. Therefore, it was proposed that suitable
holograms may be built from linear combinations
(an appropriately normalized sum and difference)
of two holograms recorded symmetrically bellow
and above the exact resonance condition. The sum
and difference of symmetrically recorded holo-
grams always correspond to a hologram with
pure imaginary or pure real scattering amplitude,
respectively. The experimental limitations were
taken into account in the second step of the cal-
culation.

4. Results and discussion

4.1. Idealized holograms

Fig. 3 shows holograms calculated for magnetite
with absorbing Fe nuclei placed at A (Fig. 3(a)–(c))
and B (Fig. 3(d)–(f)) sites, respectively. These ho-
lograms were calculated for idealized experimen-
tal conditions on a dense angular mesh, with the
sample placed at infinity, and without statistical
noises. All patterns are shown as spherical projec-
tions using a linear gray scale for intensity. Each

Fig. 2. CEMS of a 2000 �AA thick epitaxial film of 57Fe3O4 grown

on a MgO(0 0 1) substrate. Lines 1A and 1B correspond to Fe

ions in A and B sublattices, respectively.
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point in the pattern corresponds to a single orien-
tation of the sample relative to the direction of the
incident beam. Fig. 3(a) and (b) show imaginary
holograms (vN

þ) and Fig. 3(c) and (d) show real
holograms (vN

�) resulting from pure nuclear scat-
tering. The remaining two holograms (vE) were
calculated for pure electronic scattering.

The spatial variation of the background nor-
malized nuclear holograms is of the order of 1%. It

is important to note that the absolute intensities of
the holograms recorded for 1B line are two times
higher than for 1A line corresponding to the rel-
ative intensities of these lines. Due to averaging
over all magnetization axes of the sample, the total
reference wave as well as the holographic patterns
are nearly free from polarization effects.

The complex nuclear holograms are different
for both sublattices, which indicates the possibility
to record patterns characteristic of environments
of different sites. The electronic holograms are
weaker though the number of atomic scatterers is
much higher than the number of nuclear scatter-
ers. The patterns resulting from the squared nu-
clear object waves (not shown here) have a contrast
below 8� 10�5. Therefore, it seems that the self-
interference terms and the interference terms be-
tween the nuclear and atomic scattering can be
neglected.

Fig. 4 shows (0 0 1) real-space cuts recon-
structed from sum of the complex nuclear and
electronic holograms, shown in Fig. 3, according
to the Barton algorithm [9] generalized for com-
plex holograms. The z-coordinates (distance from
the absorber measured in the normal direction) of
the cuts are 0 and (1/4)a0 respectively. Although

Fig. 3. c-ray holograms calculated for magnetite with an ab-

sorbing nucleus located at tetrahedral ((a)–(c)) and octahedral

B ((d)–(f)) sites, respectively: (a) and (d) shows imaginary ho-

lograms vN
þ ; (b) and (e) shows real holograms vN

� calculated for

pure nuclear scattering. The holograms formed due to nonres-

onant scattering on electrons vE are shown in (c) and (f). All

patters are presented as spherical projections in the linear gray

scale. The intensity is normalized to the background resulting

from the reference wave.

Fig. 4. (0 0 1) real-space cuts of the local structure around A

and B sites in magnetite reconstructed from a complex holo-

gram. The square denotes position of the absorbing nucleus and

the circles denote the positions of nuclei from the same sub-

lattice as the absorbing nucleus.
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the calculation included the electronic scattering
and higher order scattering terms, the 2D cuts
predominantly show the images of Fe nuclei be-
longing to the same sublattice as the reference/
absorbing nucleus. The images of the atomic scat-
terers are much weaker and can not be identified in
this intensity scale. Hence, even for this relatively
complex structure, c-ray holography yields images
of the nuclei with the same hyperfine parameters.
Such a selectivity of both the reference point and
scatterers was not possible in holography with
internal reference using electrons or X-rays. Con-
sequently, the reconstructed real-space images are
closely related to the Patterson function of the
given sublattice. The reconstruction has a high
quality. Only few artifacts resulting from the sin-
gle-energy reconstruction scheme are visible [12].
The local environments of the A and B sites are
clearly distinguishable.

4.2. Realistic holograms

This subsection describes the second calculation
step, in which the experimental limitations were
included. The experimental geometry should be
optimized in order to minimize the acquisition
times and to obtain clear real-space images [13].
Firstly, the sample-to-source distance has to be
chosen very carefully. The number of photons
impinging on the sample decreases with the square
of the distance and thus this distance should be
minimized. On the other hand, the source-
to-sample distance determines the angular resolution
of the hologram. The period of spatial oscillations
in the hologram depends on the distance between
the absorbing and scattering nucleus. Therefore, in
order to image further scatteres, the source can not
be placed too close to the sample. Secondly, the
sampling of the hologram (the density of the an-
gular mesh) should be adjusted to fit approxi-
mately the angular resolution, in order to avoid
the aliasing effects and to minimize the recording
time. The angular range of the hologram should be
as wide as possible in order to maximize the real-
space resolution. Practically, only a symmetrically
nonequivalent part of the hologram has to be
measured and then the hologram may be expanded
to the full sphere.

Hereafter, the analysis will be carried out only
for the real holograms. There is an important
practical reason to record only the real hologram.
Such hologram is the difference of holograms
recorded symmetrically on opposite sides of the
resonance. For the symmetrical detuning the back-
ground coming from the reference wave, the mass
absorption and the electronic scattering are iden-
tical above and below the resonance (the unsym-
metrical interference terms between nuclear and
electronic scattering can be neglected as shown
earlier). Therefore, the difference hologram will
be completely free from background. Since the
background is much more intense than the holo-
graphic signal, the procedure of the background
removal is very sophisticated. In addition, a non-
symmetrical response function of the detector and
a distribution of the magnetization direction in the
sample could turn this procedure to a mission-
impossible. The calculated holograms were trans-
formed into a (Dh;D/) angular mesh (h is the
inclination angle of the sample relative to direction
of the c-ray beam and / is the azimuthal angle).
The mesh consisted of about 3000 points in 40 of
h-scans covering angular range from 0� to 60�. The
h-scans were recorded with decreasing number of
/-steps (from 120 /-steps for h ¼ 60� to 10 /-steps
for h ¼ 0�). The convolution of the pattern with a
gaussian function (rA ¼ 2�) simulated the angular
resolution. The value of rA ¼ 2� corresponds to
linear dimensions of the sample and source equal
to 10 and 8 mm respectively, and to a source-
to-sample distance of about 50 cm. In addition, a
gaussian noise with r equal to 0.25% of the
background was added to the patterns. The h-
scans were additionally normalized to their mean
values, as it is usually done in the experiment, for
removing of the long time instabilities of the ac-
quisition system [14]. Finally, the resulting holo-
grams were symmetrized and expanded to the full
sphere to accomplish high spatial resolution in
the reconstructed images [15]. Such a choice of
the experimental parameters that was found in a
trial-and-error procedure results in a good quality
real-space images with simultaneously minimized
acquisition times.

Fig. 5 shows the real-space images reconstructed
from the holograms simulated with experimental
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limitations included. The reconstruction quality is
still reasonable and does not change drastically
even for a gaussian noise with r equal to 0.5% of
the background. Because of the finite angular
mesh, the reconstructed intensity of the next-
nearest neighbors decreased by a factor of two
with respect to the nearest neighbors as compared
to the idealized holograms. The overall noise level
increases but the proper identification of the local
structure around A and B sites is possible even
using only the real hologram.

4.2.1. Acquisitions times
The holographic pattern simulated above had a

noise with r ¼ 0:25% of the background level.
This imposes the condition for the minimal num-
ber of counts N for each pixel of the hologram.
The assumption that r ¼

ffiffiffiffi

N
p

¼ 2:5� 10�3N gives
N ¼ 1:6� 105 photons/pixel/s. A source (8� 8
mm2) with the activity of 200 m Ci placed 50 cm
away from the sample (10� 10 mm2) gives about
6:4� 104 photons/s in the full resonance line irra-
diating the sample. For a uniform epitaxial film
with thickness of 2000 �AA, the number of emitted
conversion/Auger electrons is 	1:5� 103 photons/
s for the required detuning from-the-resonance
condition. Thus the time needed to record one
pixel of the hologram is about 100 s and the time

needed for acquisition of the full hologram (3000
point) is <4 days. For r ¼ 0:5% this time reduces
to only one day. This estimation of the acquisition
times gives very promising experimental prospects.
In addition, the proposed acquisition procedure is
very resistant against long-range instabilities of the
detection signal.

4.2.2. Low-dimensional systems
For low-dimensional systems (ultra-thin films,

islands, buried layers or supperlattices), with an
effective thickness of about 2a0, the total number
of counts will decrease by a factor of 100, giving
the full hologram acquisition times of several
month. However, in some cases, the geometrical
structure of the investigated sample is known and
only the magnetic structure will be of concern. In
such a case, trial-and-error comparison of mea-
sured 1D scans with simulations may be used
to distinguish between nonequivalent sites. This
again yields the acquisition time of several days.

5. Conclusions

It has been demonstrated that c-ray holography
can be applied for imaging of the local structure in
compound systems. The simulation performed for
magnetite showed the possibility to obtain holo-
grams of the local structure around nonequivalent
Fe sites characterized by different hyperfine pa-
rameters. Realistic simulations, which included
real experimental limitations, showed that holo-
gram of a 2000 �AA thick epitaxial film of 57Fe3O4

can be measured in several days and the resulting
real-space image has a high-quality. This indicates
the possibility to use c-ray holography for imaging
of the local magnetic structure in compound epit-
axial films containing 57Fe.

However, for low-dimensional systems contain-
ing effectively about 10 layers of 57Fe the resulting
acquisitions times of the full 2D holograms are
of the order of months. For such systems, 1D
holographic scans can be measured to characterize
the structure. Unlike X-ray holographic methods
with the internal reference, which are detector
limited, the time-reversed c-ray holography is flux

Fig. 5. (0 0 1) real-space cuts of the local structure around A

and B sites in magnetite reconstructed from a real hologram v�
calculated with realistic experimental conditions.
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limited. Therefore, low-dimensional systems could
be attacked in the future using synchrotron radi-
ation sources and/or 2D position-sensitive detec-
tors used in the direct version of holography,
where the parallel detection scheme is possible
[16,17].
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