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γ -Ray Holography – Three-Dimensional Imaging
of a Local Atomic Structure
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Abstract. γ -ray holography is a novel method for three-dimensional (3D) imaging of a local atomic
structure, which utilizes the internal reference idea of holography. The principles of this method will
be presented with emphasis on the phase information gained by means of complex holograms.
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1. Introduction

Crystallographic phase problem. In a standard diffraction experiment, an object
is illuminated by a plane wave and the diffraction pattern is measured with a
far field detector. In this experimental geometry, atomic resolution requires the
radiation wavelength which is comparable with inter atomic distances. Then, the
diffraction pattern is connected with the atomic structure of the object by Fourier
transform. In the X-ray regime, for energy of E � 10 keV and λ � 1 Å the
frequency of the scattered waves is about ν � 1019 Hz.

Therefore, only the intensities of the scattered waves can be measured directly
and the phase information associated with the scattered waves is lost by time av-
eraging. This makes the direct transformation of the diffraction pattern to the real
space impossible. Figure 1 illustrates this difficulty. A two-dimensional object�

from Figure 1(a) is illuminated by a monochromatic plane wave. The resulting
diffraction image (Fourier transform of the object) is presented in Figure 1(b),
where the intensity and phase distributions are shown separately. Figure 1(c) shows
the back-transformed images utilizing the whole information, only the intensities
and only the phase information, respectively.

In some cases, as it is visible from Figure 1, the information associated with the
phase may be crucial for the reconstruction of the object. Generally, the phase gives
the information about the absolute positions inside the object. Several methods of
physical and computational character have been demonstrated to solve the phase
problem [1]. Particularly, it was realized very early that Mössbauer spectroscopy

� The object is the logo of Lufthansa airlines. The Seeheim Workshop on Mössbauer Spec-
troscopy took place in the Lufthansa training center.
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Figure 1. Demonstration of the phase problem. (a) A two-dimensional object. (b) Fourier transform
of the object. (c) Back-transforms utilizing the whole complex information (left), only the intensity
(middle) and only the phase information (right). Intenstities are shown in an arbitrary color scale.
Phase changes from 0 to 2π .

may solve the phase problem by taking advantage of the interference between
waves scattered in nuclear and electronic processes [2]. However, diffraction exper-
iments require highly collimated beams, which are difficult to produce with a nat-
ural radioactive source. This may change with the development of ultrahigh-intense
X-ray free electron lasers.

Holography. Holography was invented by Gabor, as a tool for structure determi-
nation at the atomic level [3] free from the phase problem. However, the lack of
high-quality lenses in the X-ray regime prevented the progress of the method as a
tool for atomic structure investigation. A lens, in the original idea of Gabor, was
required to produce a spherical reference wave emerging from a point-focus near
the imaged object as shown in Figure 2(a). The hologram, i.e., the interference
pattern of the direct and scattered wave could be detected using a screen placed in
the far-field and it contained the phase information. The phase information about
the relative phase is gained when the reference wave and the object waves are added
coherently. The resulting intensity at the detector can be written as:

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

where |R|, |O|, φR, φO are the amplitudes and phases of the reference and object
waves, respectively.
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Figure 2. The formation process of the hologram in the Gabor’s holographic microscope (top), in the
Internal Source Holography (middle), and in the Internal Detector Holography (bottom).

Internal source holography (ISH) [4] and internal detector holography (IDH) [5]
are alternative lensless approaches, which were realized experimentally quite re-
cently. They avoid optical elements and thus provide images with atomic resolution
by using electrons (photo, Auger, Kikuchi) [6] or X rays [7]. In ISH, atoms inside
a sample serve as coherent point sources of short-wavelength radiation which is
scattered from nearby atoms (Figure 2). This produces an interference pattern cor-
responding to the local environment around the emitting atoms. Such a pattern,
which is collected with an angle resolved detector, may be treated in the same
way as an in-line Gabor hologram. The back-reconstruction of the internal source
hologram to the real space is performed numerically [8]. The method works only
if all emitting sources have similar local environments. However, the long range
order is not required as in standard diffraction methods. In fact, internal sources of
γ -rays were proposed previously for solving of the phase problem by means of the
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Kossel lines analysis [9]. However, such an experiment required a perfect single
crystal as the sample.

IDH is connected with ISH by a time-reversal as shown in Figure 2. In X-ray
IDH, the interference of elastically scattered waves with the direct unscattered
reference wave is monitored by measuring the absorption of particular atoms serv-
ing as internal detectors. The detection signal for measuring the local X-ray field
intensity is provided by X-ray fluorescence or electron yield and is recorded with
an external angle integrating detector. Because of the weak scattering of X rays,
the holographic modulation is only in the order of 10−4 of the total signal. In
addition, for high spatial resolution, holograms have to be recorded over a wide
angular range. Therefore, high-brilliance sources and fast two-dimensional energy
resolving detectors are needed to make these techniques widely applicable.

Holographic phase problem. Twin images. Initially, ISH was believed to being
free from the phase problem. However, a kind of phase still exists [10]. Consider
Equation (1), which is fundamental for holographic imaging. From Equation (1)
only the absolute 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. Twin images are spurious images
inherently connected with holography, which appear in false positions. For Gabor
type holography, they are inverted around the origin (the reference point). In the
original Gabor microscope the point focus was outside the imaged object and thus
the real and twin images were well separated in space. In ISH and in IDH the
internal source/detector is a part of the object and the real and twin images may
overlap and add up to zero, completely removing the information about particular
scatterers from the reconstructed real-space. Figure 3 illustrates the twin-images
problem in ISH. Three holograms of a simple object consisting of a reference atom
and eight scatterers placed on rectangular lattice with lattice parameter a, were
simulated for different values of a and a constant wavelength λ. The real space
reconstruction of the holograms is shown in Figure 3(c). It can be observed that
for some values of a hologram, as well as the real-space images, are blind with
respect to some inter atomic distances due to real and twin images cancellation in
this centrosymetrical system.

Twin images may be eliminated in electron holography and X-ray holography
by collecting holograms for many wavelengths [11].

2. Principles of γ -ray holography

IDH can be successfully performed in a table-top experiment utilizing another scat-
tering process: nuclear resonant scattering of γ -rays. For the 14.41 keV transition
in 57Fe the corresponding wavelength of 0.86 Å is sufficiently short for atomic
resolution. For this kind of radiation the nucleus can be treated as a point scatterer,
so the form factor is constant. The angular anisotropy of the reference and object
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Figure 3. Twin images problem. (a) Objects consisting of a reference atom placed at origin and eight
scatterers placed on rectangular lattice with different lattice parameter a. (b) Holograms simulated
for objects shown in (a). (c) Real-space reconstructions of the holograms.

waves is caused only by the polarization effects and since the nuclear transitions
in 57Fe are M1, the scattering amplitude is a slow varying function of angles.
Moreover, the excited state lifetime is long compared to the characteristic lattice
vibration times of atoms in the sample and the Lamb–Mössbauer factor, describing
the thermal effects for the case of slow scattering, is isotropic. For magnetically
ordered systems, the levels are split and the scattering and absorption is influenced
by the internal magnetic fields at the nuclei. In consequence, there is a possibility
to image only chosen nuclei, with a particular set of the hyperfine interaction para-
meters, and it is possible to resolve the 3D magnetic structure of the sample. The
nuclear resonant scattering amplitude value is very high as compared to the X-ray
scattering amplitude given in the forward direction by Zr0, where Z is the atomic
number and r0 is the classical electron radius. In the exact resonance, the value of
the nuclear resonant amplitude can be as high as 440r0 for 57Fe and may cause
holographic oscillations of several percents in the measured pattern.

In the case of 57Fe the internal conversion coefficient α, responsible for the
ratio of the nonradiative to radiative decay probability, is 8.17. This value is almost
ideal for the holographic application with the detection through the inelastic chan-
nel. The electrons following the conversion process are easy to detect over a full
hemisphere above the sample using a simple proportional detector.

γ -ray holography was realized in the IDH geometry [12, 13]. In this version
of holographic imaging 14.41 keV γ rays from radioactive source (57Co), illu-
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minate a sample containing Mössbauer isotope (57Fe) (Figure 2). The energy of
γ rays is tuned to a particular Mössbauer transition in the sample by changing
the Doppler velocity of the source. Any particular nucleus in the sample can be
excited in resonant way by either direct Mössbauer 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 γ -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 γ -ray beam. The internal source version of γ -ray holography
was also discussed but never realized [15].

In the first atomic resolution holographic experiment with γ radiation [12], a
hologram of 57Fe epitaxial film was recorded and reconstructed to the real space.
Although the quality of the data was reasonable, the images of the next neighbors
were very weak and accompanied by artifacts. Furthermore, succeeding experi-
ments [14] performed on a 57Fe3O4 epitaxial films yielded no nuclear images in
the real-space reconstructions at all. As realized after some time, this was due to
twin-images problem.

3. Complex γ -ray hologram

Multiple wavelength illumination techniques for twin images suppression, cannot
be applied in the γ -ray holographic Mössbauer experiment, since the resonance
condition fixes the wavelength.

However, very recently, it was demonstrated that twin images can be eliminated
by reconstructing a so-called complex hologram [16]. In resonant scattering one is
able to directly change the phase of the scattering, and thus of the object waves,
by detuning from the resonance. The phase change of π/2 replaces 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.
In a holographic experiment the phase change of π/2 is not directly feasible.
Therefore, it was proposed that suitable holograms may be built from linear com-
binations of two holograms recorded symmetrically bellow and above the exact
resonance condition. The sum and difference of symmetrically recorded holograms
always corresponds to a hologram with sine and cosine behavior, respectively.
Figure 4(a) shows the raw data, i.e., the sine and cosine holograms measured for
a 57Fe/MgO(100) epitaxial film. Please note, that apart from twin images problem,
the difference hologram is ideal for structural imaging since it is background free.
The complex hologram was constructed from processed experimental data and
its magnitude and phase are shown in Figure 4(b). The high-fidelity real-space
reconstruction of the hologram is shown in Figure 4(b) proving the solution of the
phase problem. The spatial resolution is better than 0.05 nm.
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Figure 4. Complex γ -ray holography of 57Fe/MgO(100) epitaxial film. (a) Raw data. Sum and dif-
ference of the patterns recorded bellow and above the resonance at a half width of the resonance line.
The bars show the number of counts. (b) Amplitude (left) and phase (right) of the complex hologram
processed from (a). (c) Real-space reconstruction of bcc local structure in 57Fe/MgO(100).

4. Outlook

The most promising feature of γ -ray holography is the ability to record holograms
characteristic of ions in different chemical environments and characterized by dif-
ferent hyperfine interaction parameters. Although sensitivity to hyperfine interac-
tion parameters has not been directly shown in holographic experiment yet, such
possibility is given by the Mössbauer experiment. Recently, this unique feature
of the Mössbauer diffraction that is useful for studies of atomic arrangements in
materials was applied to measure diffraction peaks characteristic of spatial arrange-
ments of two nonequivalent Fe sites in a Fe3Al powder sample [17]. The diffraction
profiles were measured with the energy of incident radiation tuned to different
hyperfine magnetic field values of both chemical environments. Whereas the struc-
tural 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 ultrathin films, where
the kinematical limit is valid.
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