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Introduction

Broad spectrum of well developed methods is available for the investigation of solid-
state structure. Diffraction methods occupy a prominent position among the methods for
structure determination. These methods are used for determination of atomic structures
constituting solids, but there are widely used direct imaging methods, generally used for
imaging larger, nanometre sized objects. These methods are elaborate, but can not answer
all questions about the atomic structure. One of these open question is the measurement
of local atomic and magnetic environment around selected types of atoms. Contrary to
the microscopy methods, the diffraction methods measure the structure of many atoms
and describe the averaged structure of the sample. This averaging is disadvantageous for
local deformation measurement around an atom in low concentration. In this case, some
information about the lattice distortions can be obtained by static diffuse scattering, but
these methods rely on simulations and model fitting. The atomic resolution holography
method combines the averaging property of diffraction methods with the direct imaging
of microscopy methods, and provide the image of the average structure around a selected
type of atom.

When Dennis Gábor invented holography, his original aim was to enhance the res-
olution of electron microscopes and achieve atomic resolution [1]. The wavelength of
electrons used in electron microscopes enables theoretically to reach the atomic resolu-
tion, but it was not feasible due to the imperfection of magnetic lenses. Therefore, Dennis
Gádor proposed a new, two-stage process, named holography. In the first stage, the holo-
gram i.e. the interference of the object wave and a coherent reference wave is recorded.
The image of the object can be reconstructed by illuminating the hologram by the refer-
ence wave. Among other things, due to the short coherence length of electron sources the
atomic resolution could not be reached with his original experimental arrangement, but
after the invention of lasers, holography methods were applied to solve a broad range of
problems, and the field is intensively studied up to nowadays. The idea of atomic reso-
lution holography arised again in 1986, when Ábrahám Szőke suggested to use an atom
of the sample as source [2]. This approach solved multiple problems simultaneously, for
example the stability of the path-length difference of the reference and object waves,
and the problems arising from the short coherence length. Later, applying this approach,
atomic resolution holograms were recorded with electrons [3], X-rays [4], γ-rays [5] and
neutrons.

The theory of inside source and inside detector neutron holography was published by
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László Cser [6]. The first inside source neutron hologram was recorded experimentally
by Sur in 2001 [7]. The feasibility of the inside detector neutron holography was demon-
strated experimentally by László Cser [8]. The application of the method is hindered by
the low brilliance of the current neutron sources, but the brilliance of the European Spal-
lation Source will exceed the brilliance of the current sources by orders of magnitudes,
thus in the near future the method may become routinely applied.

Objectives

The aim of my Ph.D. research was the investigation of possible applications of neutron
holography, which utilize effectively the advantages of neutron scattering. In case of nu-
clear scattering, the scattering of neutrons is isotropic, which is ideal for the application
of the most frequently used Barton reconstruction method, resulting in less distortions of
the image. This property was utilized for the investigation of lattice distortions around
a cadmium impurity atoms in a tin single crystal, where, due to the tetragonal structure,
tangential displacements in addition to radial displacements of the host atoms appeared.
The aim of the research was to explain the change of macroscopic properties of the sam-
ple with the local deformations of the lattice.

Orientation order is required for holography which limits the possible samples prac-
tically to single crystals. The aim of my research was to find a method which is capable
to determine the radial distribution of atoms using an appropriately recorded hologram,
and to determine the resolution of the proposed method, and the experimental parameters
necessary for an experiment.

Neutrons are scattered on the unpaired electrons of atoms, thus neutron diffraction is a
common method for the determination of magnetic structures. Although it was mentioned
in the literature several times, that the scattering of neutrons could be used in neutron
holography [9, 10], the method was not studied in detail before my Ph.D. research. An
aim of my Ph.D. research was to describe the magnetic holography using the magnetic
scattering amplitude of neutrons, and to propose an experimental arrangement and an
evaluation method of the magnetic hologram for the determination of magnetic dipole
moment vectors of neighbouring atoms.
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New scientific results

The main results presented in my Ph.D. thesis are summarized in the following thesis
statements:

T1 The deformation of the Sn lattice around a Cd impurity in a β-Sn single crystal
was determined from the re-evaluation of a previous experiment. The position of
the Sn atoms was determined with two methods, using the positions of maxima
and amplitudes of the images of the Sn atoms. The two methods provided similar
results from which I concluded, that the amplitude of the thermal fluctuation of
positions of atoms around the equilibrium position was similar. The atoms of the
host lattice are displaced towards the impurity atom which is consistent with the
X-ray diffraction results found in the literature. [P3]

T2 Using a model which takes into account the Firedel oscillations and the size effect
of the impurity atom, it was proven that the size effect has a greater impact on the
distortions. The three-dimensional displacements of atoms were used to show, that
the c/a ratio defined on the distorted lattice is increased, pointing to the diamond
structure characteristic to the α-phase of Sn, stable at lower temperatures. Contrary
to that, the cadmium impurities slow down the phase-transformation, which was
explained by the contraction of the lattice around cadmium. It was shown that at
the pressures leading to the measured contractions the β → α phase transformation
does not take place. [P3]

T3 It was shown that the neutron holography method is applicable for the measure-
ment of the structure of polycrystalline and amorphous samples. The theoretical
applicability of the neutron holography method was extended to a new class of ma-
terials. By averaging the single-crystal hologram the wavelength dependence of the
holographic signal was calculated, and a method was given for the determination
of the distance of the neighbouring atoms from the probe nucleus. [P1]

T4 The resolution of the polycrystalline method was calculated, and it was shown, that
the resolution depends on the wavelength-band used for the measurement, and the
visual range depends on the k-resolution of the instrument. It was shown that the
constant relative k-resolution, besides decreasing of the visual range, broadens the
peaks and decrease the side-oscillations of them. The hologram of a polycrystalline
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PdH0.7 sample was modelled taking into account the parameters of the SXD time-
of-flight diffractometer at the ISIS spallation neutron source. It was shown that
the atoms within the distance of 8Å can be separated on the radial distribution
function. [P1]

T5 The mathematical description of the magnetic hologram was given by using the
magnetic neutron scattering amplitude. The obtained hologram significantly dif-
fers from the nuclear hologram due to the appearance of the form factor and polar-
ization factor, thus the Barton reconstruction method is not applicable in a general
case. It was shown that the appearance of the form factor reduce the measure-
ment domain, and requires the usage of longer wavelength neutrons. It was shown
that due to the neutron spin dependence of the polarization factor, the instrumental
background and the reference wave can be filtered out by subtracting two holo-
grams measured with opposite neutron spin direction. [P2]

T6 It was shown that due to appearance of the polarization factor the radial compo-
nent of the magnetization vector can be determined with the Barton reconstruction
method, if the neutrons are polarized parallel to the incoming beam. The appli-
cability of the proposed method for the determination of the radial component
of magnetization was demonstrated by calculation of the model hologram of the
CuCr2O4 structure and using the proposed evaluation. [P2]

T7 A method using correlation was developed to separate the 3 components of magne-
tization during evaluation of holograms. A dimer consisting of an object atom and
a detector atom was used to obtain the optimal wavelength band. It was shown that
the spectrum of a cold source is adequate for the realization. Using model calcula-
tions it was demonstrated that the consideration of the form factor is not necessary
for the evaluation, but its application reduces the twin image, thus if it is possible
it must be taken into account. By modelling the hologram of a dimer, it was shown
that with the application of polychromatic holograms the side oscillations around
atom images and twin images can be reduced, but the amplitudes of the false im-
ages can only be slightly reduced. It was shown that for the successful evaluation of
the magnetic structure 8·1012 recorded neutrons are required minimally. The usabil-
ity of the correlation method was demonstrated on the hologram of the CuCr2O4

tetragonal spinel. Compared to the evaluation with the Barton method the peaks
are more separated on the image obtained by the correlation method, moreover the
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magnetic components perpendicular to the radial direction appear on the image.
During the model calculations it was experienced that it is not possible to get a
proper quality image from the monochromatic measurements, thus the recording
of polychromatic holograms was suggested for the experimental realization. [P4]
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