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Abstract. The possibility of imaging the local environments of nuclei with different hyperfine
interaction parameters using complex γ -ray holography is investigated. The discussion is based on
calculations performed for magnetite Fe3O4, in which Fe ions occupy two nonequivalent positions
in the unit cell characterized by different sets of hyperfine interaction parameters.
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1. Introduction

γ -ray holography [1] utilizes Mössbauer interference and the internal reference
principle of holography [2]. This kind of holography was proposed to solve the
crystallographic phase problem and it was for the first time applied in electron
diffraction for imaging of the surface structures [3]. In this model-free method,
electrons or photons emitted by excited internal atomic or nuclear emitters inside a
sample can reach an external detector either directly (acting as the reference wave)
or after scattering from nearby atoms (acting as the object waves). The measured
pattern can be treated as a Gabor hologram and it can be inverted to give a three-
dimensional (3D) image of the local structure. This method is only applicable if
the environments of all emitting atoms are similarly oriented. Recently, holography
with internal reference was demonstrated for hard X-rays to image bulk samples.
For X-rays two variants of holography with internal reference were proposed: the
direct one [4] and so-called time-reversed approach [5]. The biggest problem in all
X-ray holography is that the signal is weak and the strongest synchrotron sources
are needed to make this technique widely applicable. Since the resonant nuclear
scattering cross section is two orders of magnitude higher than the cross section
for X-ray scattering, holographic experiments using the nuclear scattering may
be performed with tabletop setups. γ -ray holography was firstly and exclusively
demonstrated in the time reversed version.
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In the time-reversed γ -ray holography [1], γ -rays from a radioactive source
(57Co) illuminate a sample, which contains a Mössbauer isotope (57Fe). The en-
ergy of γ -rays is fine-tuned to a single Mössbauer transition of 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 unscattered γ -ray photons or previously
resonantly scattered photons. The excited nucleus de-excites through the inelas-
tic channel by emitting conversion and Auger electrons, which are then detected
to probe the γ -ray field intensity at the site of the absorbing nucleus. A two-
dimensional hologram is collected point-by-point while the sample is rotated rel-
ative to the direction of the γ -ray beam. The holographic inversion procedure, so
called reconstruction, is performed numerically and yields the direct picture of
the local environment of the absorbing nuclei. In the first holographic experiment
with γ -rays, a 2000 Å thick 57Fe film epitaxialy grown by MBE on a MgO(001)
single crystal was used as the sample. The contrast of the measured hologram was
about 3% of the background. Although the statistics of the measured pattern was
good, artifacts accompanied the nuclear images. This relatively poor quality of the
real-space image was connected with the twin and real image cancellation.

2. Complex γ -ray hologram – suppression of twin images

The fundamental holographic equation may be written as:

I = |R + O|2 = |R|2 + 2|R||O| cos(φR − φO) + · · · , (1)

where I is the measured signal and R = |R| exp(iφR), O = |O| exp(iφO) describe
the reference and the object wave, respectively. From Equation (1) only the ab-
solute value of the phase difference φR − φO between the reference and the object
wave may be extracted. As a consequence, twin-images appear in the real-space
reconstruction of the hologram. For specific systems, the real and twin images
overlap and they can add up to zero, completely removing the information about
particular scatterers from the reconstructed real-space [6]. This difficulty may be
overcome in electron holography and X-ray holography by collecting holograms
for many wavelengths [7]. Since for the γ -ray holographic Mössbauer experiment,
only a single wavelength is accessible, the multi-energy variant of holography is not
feasible. However, in resonant scattering one is able to directly change the phase
of the scattering by detuning from the resonance. If the phase change is π/2 one
can replace the cosine function in Equation (1) by the sine function removing thus
the sign ambiguity. In addition, since holograms recorded close to the Mössbauer
resonance correspond to the same wavelength they can be combined to a single
complex hologram [8]. In a holographic experiment the phase of π/2 is not directly
feasible. Therefore, it was proposed that suitable holograms may be built from
linear combinations of two holograms recorded symmetrically bellow and above
the exact resonance condition. The sum and difference of symmetrically recorded
holograms always correspond to a hologram with the pure imaginary or pure real
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Figure 1. Complex γ -ray holography of a 57Fe/MgO(001) epitaxial film. (a) Real (χ−) and imag-
inary (χ+) parts of the measured complex hologram (χ− + iχ+) after background subtraction and
low pass filtering. Holograms are shown as spherical projections in linear gray scale. Insets show the
raw data. (b) Real-space reconstruction of the real, imaginary and complex holograms. The 3D plots
of the real-space are presented in the form of an isosurface at 50% of the maximum value. Only the
image reconstructed from the complex hologram shows the properly depicted bcc structure.

scattering amplitude, respectively. A complex γ -ray hologram was recently mea-
sured [8] for an 57Fe/MgO(100) epitaxial film demonstrating the elimination of
the twin-images effect and making this method an unambiguous tool for geometric
and magnetic structure imaging. Figure 1 shows the real and imaginary parts of this
complex hologram and the reconstructed real-space images. In contrast to recon-
structions from the real (cosine hologram) and from the imaginary hologram (sine
hologram), the real-space image obtained from the complex hologram properly
reproduces the bcc local structure.

3. Sensitivity to hyperfine interaction parameters – simulations for
magnetite Fe3O4

Recently, a unique feature of the Mössbauer diffraction that is useful for studies of
atomic arrangements in materials was applied to measure diffraction peaks char-
acteristic of spatial arrangements of two nonequivalent Fe sites in a Fe3Al powder
sample [9]. The diffraction profiles were measured with the energy of incident
radiation tuned to different hyperfine magnetic field values of both chemical en-
vironments. Whereas the structural information gained by γ -ray holography and
the Mössbauer diffraction is similar, the fields of applications of these methods are
very different. In γ -ray holography the acquisition scheme is based on the detection
of conversion and Auger electrons, which can be done very efficiently even for
thin films, where the kinematical limit is valid. Although sensitivity to hyperfine
interaction parameters has not been directly shown in a holographic experiment yet,
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Figure 2. (a) Complex holograms simulated for magnetite (χ+ – imaginary parts, χ− – real parts)
with absorbing nuclei at A and B sites. (b) Reconstructed real-space images of the averaged local
environments around A and B sites, respectively. The 3D plots of the real-space are presented in the
form of an isosurface at 35% of the maximum value. Different intensities of nuclear images are due
to different occupation numbers in the averaged environments around absorbing nuclei. The cubes
have linear dimensions of 6 Å.

such a possibility exists and will be now discussed based on simulations performed
for magnetite Fe3O4.

Magnetite Fe3O4 has at room temperature the inverse spinel structure [10].
There are two types of Fe sites in this structure: tetrahedral (A sites) and octa-
hedral (B sites). Although all the Fe ions in the A sublattice and all the Fe ions
in the B sublattice have the same atomic environments, the spatial orientations of
neighboring atoms differs even for ions within the same sublattice. Therefore, for
holography, one has to average two nonequivalent environments of FeA ions and
four nonequivalent environments of FeB ions. A Mössbauer spectrum of Fe3O4

consists of two Zeeman sextets corresponding effectively to Fe3+ and Fe2.5+ ions
in those sublattices [10]. The lines corresponding to 1/2 → 3/2 transitions in
nuclei located in the A and B sublattices are well separated and can be used for
recording of magnetically resolved complex holograms. However, it is important
to note, that for large crystals the coherent effects may lead to line broadening and
thus to the interference between waves scattered from the A and B sites [11].

The calculation was performed according to theory introduced in [12]. Holo-
grams were calculated for all nonequivalent absorbing nuclei inside spherical clus-
ters with the diameter of about 12.5 Å representing an epitaxial film of magnetite
composed of small crystallites [14]. Figure 2(a) shows complex holograms calcu-
lated for magnetite with the absorbing nuclei placed at A and B sites, respectively.
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The spatial variation of the intensity in the background-normalized nuclear holo-
grams is of the order of 1%. 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 holograms are different for both sublattices
which indicates the possibility to record holograms characteristic of environments
of different sites. Figure 2(b) shows real-space images reconstructed according
to the Barton algorithm [13]. Although the calculation included the electronic
scattering, the images predominantly show the Fe nuclei belonging to the same
sublattice as the absorbing nucleus. The images of the atomic scatterers are much
weaker and are not seen in this intensity scale. Hence, even in the case of this
relatively complex structure, γ -ray holography yields images of the nuclei with
the same hyperfine parameters. Such a selection of both the reference point and
scatterers was not possible in holography with internal reference using electrons
or X-rays. Consequently, the reconstructed real-space images are closely related to
the Patterson function of the given sublattice. The reconstruction is of high quality.
The local structures around A and B sites are clearly distinguishable.

4. Conclusions

This work has demonstrated that γ -ray holographic images of the averaged local
structure around ions occupying specific crystallographic sites are functionals of
the hyperfine fields. Chemical and magnetic resolution seems practical with γ -ray
holography. The Thomson electronic scattering, which could distort real-space im-
ages plays minor role in the hologram formation process and can be neglected. An
experiment can be performed for an epitaxial film of magnetite. For a 2000 Å thick
film the estimated acquisition time is of the order of days.
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