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Abstract: This thesis presents the crystal structure analysis of several transition
metal silicides. The crystal structures were studied primarily by precession electron
diffraction tomography (PEDT) employing the dynamical refinement, a method
recently developed for accurate crystal structure refinement of electron diffraction
data. The optimal values of the parameters of the method were proposed based
on the comparison between the dynamical refinement of PEDT data and a high-
quality reference structure. We present the results of the comparison using a Ni2Si
nanowire with the diameter of 15 nm. The average atomic distance between the
model obtained by the dynamical refinement on PEDT data and the one by single
crystal X-ray diffraction was 0.006 Å. Knowing the accuracy and limitations of
the method, the crystal structure of Ni3Si2 was redetermined on a nanowire with
35 nm of diameter. The model obtained had an average error in the atomic posi-
tions of 0.006 Å. These results show that the accuracy achieved by the dynamical
refinement on PEDT data is significantly superior to that of the refinement using
the kinematical approximation. With the method validated, the elucidation of the
phases of the system Cu3+xSi were pursued. Due to the complex incommensurate
modulated structures observed during our PEDT measurements, the dynamical re-
finement could not be used and a combination of single crystal and powder X-ray
diffraction was used. Temperature dependent powder X-ray diffraction revealed a
complex Cu-Si phase diagram, where six distinct phases were observed, instead of
the three phases reported so far in the Cu3+xSi phase-field. In order of increasing
temperature, the phases observed were η′′′, η′′, η′, η3, η2 and η1. At least four of
the six phases observed are incommensurately modulated. The crystal structures
of η′′′ and η′′ were elucidated by single crystal X-ray diffraction, while the phases
η2 and η1 were indexed on the powder diffraction data. η′ is known, and we could
index only the main structure of η3. η

′′′ and η′′ are very similar and both have a
(3+2)-dimensional incommensurately modulated structure. Given the complexity
of their modulation the refinement in the superspace could not be performed, and
the models were described in a supercell approximation.
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Abstrakt: Tato disertačńı práce se zabývá krystalovou strukturńı analýzou
několika silicid̊u přechodných kov̊u. Krystalové struktury byly studovány předevš́ım
precesńı elektronovou difrakčńı tomografíı (PEDT) za použit́ı metody dynamického
upřesňováńı - nedávno vyvinuté metody, která umožňuje správněǰśı upřesňováńı
krystalové struktury z PEDT dat. Optimálńı hodnoty parametr̊u metody byly
zvoleny na základě provnáńı dynamického upřesněńı z PEDT dat s kvalitně
upřesněhou referenčńı strukturou. V práci je ukázáno porovnáńı pro nano-drát Ni2Si
s poloměrem 15 nm. Pr̊uměrná odchylka poloh atomů struktury źıskané dynamic-
kým upřesňováńım dat z PEDT od poloh atomů ve struktuře upřesněné z monokrys-
talových rentgenových dat byla 0,006 Å. S vědomı́m přesnosti a limit̊u metody byla
správně vyřešena a upřesněna krystalová struktura Ni3Si2 na datech źıskaných z na-
no-drátu o pr̊uměru 35 nm. Źıskaný model měl pr̊uměrnou odchylku atomů 0,006 Å.
Tyto výsledky ukazuj́ı, že správnost dosažená metodou dynamického přesňováńı dat
z PEDT je jasně vyšš́ı než správnost upřesněńı pomoćı kinematické aproximace. Po
ověřeńı správnosti výsledk̊u dosažených touto metodou bylo přikročeno k analýze
fáźı systému Cu3+xSi. Kv̊uli extrémně komplexńım a nesouměřitelným strukturám
pozorovaným při měřeńıch elektronové difrakce nebylo možné použ́ıt metodu dy-
namického upřesňováńı. Mı́sto ńı byla pro strukturńı analýzu použita kombinace
monokrystalové a práškové rentgenové difrakce. Proměřeńı teplotńı závislosti po-
moćı práškové rentgenové difrakce odhalilo koplexńı fázový diagram Cu-Si, ve
kterém bylo rozpoznáno šest r̊uzných fáźı v oblasti Cu3+xSi namı́sto třech dopo-
sud publikovaných. V pořad́ı se vzr̊ustaj́ıćı teplotou to byly fáze η′, η′′, η′′′, η3, η2
a η1. Nejméně čtyři tyto fáze jsou nesouměřitelně modulované. Krystalové struk-
tury η′′ a η′′′ byly vyřešeny pomoćı monokrystalové rentgenové difrakce, zat́ımco
fáze η2 a η1 byly pouze oindexovány z práškových dat. Fáze η′ je již známá a u
fáze η3 bylo možné oindexovat pouze pr̊uměrnou strukturu. Fáze η′′, η′′′ jsou si
velice bĺızké a obě maj́ı (3+2)D nesouměřitelně modulovanou strukturu. Kv̊uli
komplexitě jejich modulaćı nebylo možné tyto struktury v superprostoru upřesnit
a proto byly jejich strukturńı modely popsány pomoćı aproximace superbuňkou.

Kĺıčová slova: Precesńı elektronová difrakčńı tomografie, dynamické upřesňováńı,
silicidy niklu a mědi, (3+2)D nesouměřitelně modulované struktury.
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Introduction

The most commonly used technique to obtain crystal structure is single crystal
X-ray diffraction (SCXRD), which requires crystals larger than 5 × 5 × 5µm3.
For cases where the sample is composed of crystals from hundreds of nanometers
up to 5µm, powder X-ray diffraction (PXRD) is the method of choice. If the
sample is polyphasic, or if reflection overlap occurs either due to a large unit cell
or the presence of pseudosymmetry, the interpretation and structure solution from
PXRD data may be very difficult, if not impossible. If single crystals cannot be
obtained in suitable size neither for SCXRD nor for PXRD, or if the properties
of the nanocrystal differs from the bulk sample, it is crucial to obtain an accurate
crystal structure of nanocrystals. In this sense, electron diffraction (ED) is of
great importance because it can be used in the structure analysis of nanocrystals
as small as few tens of nanometers.

Electrons interact strongly with matter, what allows one to observe much
smaller crystals, but this same stronger interaction generates multiple scatterings.
Multiple scatterings hamper the data analysis, and therefore the crystal structure
obtained from electron diffraction data was not considered to be sufficiently ac-
curate. In 1994 Vicent and Midgley developed the precession electron diffraction
(PED), which results in intensities with less influence of multiple scatterings. In
spite of PED allowing to collect intensities with kinematical-like character, mul-
tiple scattering is still observed in PED data. There were several attempts to
take the multiple scatterings into account for ED data. The dynamical theory of
diffraction, which takes into account multiple scatterings, was used during the de-
velopment of software for the refinement of crystal structure parameters. What all
these software have in common is that they use oriented patterns for the structure
analysis. Oriented patterns do not give detailed three-dimensional information of
the reciprocal space of the sample, and the lack of information might hamper the
structure solution and refinement or even preclude it.

In 2007 Kolb et al. developed the electron diffraction tomography (EDT),
which gives a more detailed sampling of the reciprocal space of a nanocrystal.
PED and EDT (PEDT) were combined in 2009 by Mugnaioli et al., thereby pro-
viding complete data sets with kinematical-like intensities. Approaches using this
combination have been used since then and several crystal structures were deter-
mined, but still with high figures of merit. The only way to achieve accurate crystal
structure parameters of nanocrystals is to use the dynamical theory of diffraction
for a complete electron diffraction data. A routine using the dynamical theory of
diffraction for electron diffraction data acquired either with or without precession
was developed in our laboratory. This routine was named dynamical refinement
and has been available since 2015 implemented in the crystallographic software
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Jana2006.
The first objective of this thesis was to verify the behavior of the parameters

used within the dynamical refinement in order to validate the method. The vali-
dation was done by comparing the results of known crystal structures obtained by
the dynamical refinement with the ones obtained by the standard SCXRD. The
second objective was to use the dynamical refinement for the determination of an
unknown crystal structure.

Samples used for the dynamical refinement were chosen within transition metal
silicides, given their potential use in nanotechnology. Especially silicide nanowires
(NWs) are of great interest for diverse application in nanoscale electronics, pho-
tonic, sensor and photovoltaic devices. Within the transition metal silicides, nickel
and copper silicides stand as a suitable option for nanoscale electronics due to their
enhanced electrical properties.

One of the samples used for the verification of the behavior of the parameters
used in the dynamical refinement was a nanowire of Ni2Si with the diameter of
15 nm. Knowing the accuracy and the limitations of the dynamical refinement
based on the tests, the crystal structure of Ni3Si2 was redetermined.

The unknown structure was pursued for the copper silicide Cu3+xSi, which
is known to go through phase transitions with increasing temperature. In or-
der to elucidate the crystal structures of the phases and to better understand
the structural modifications during the heating, temperature dependent preces-
sion electron diffraction data was acquired (TD-PEDT). Two incommensurately
modulated structures were found. Since the modulation observed is very complex
and it was not possible to refine the structure using the superspace approach for
TD-PEDT, a hybrid approach was used, combing single crystal and powder X-ray
diffraction.

This thesis is divided into four chapters. The first one gives the literature review
and background on the dynamical theory of diffraction, which is the base for the
dynamical refinement. The second chapter discusses two particular topics used
in electron diffraction and in the dynamical refinement: the crystal potential and
geometric approximation of crystal shapes. The experimental methodology used
for the PEDT data and for the dynamical refinement are presented, followed by
the tests on the dynamical refinement performed for the known structure of Ni2Si
and the redetermination of the crystal structure of Ni3Si2. Chapter three presents
the experimental procedure and results on the two incommensurately modulated
structures of the silicide Cu3+xSi and the newly observed phase transitions of this
alloy. The last chapter concludes the work, summarizes the main results and
presents future work.
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1. Literature overview and
theoretical background

1.1 The first uses of electron diffraction

The discovery of the X-ray diffraction by crystals in 1912, proposed by Laue and
performed with Friedrich and Knipping, proved the wave-like nature of rays, as
well as the periodic character of crystals. This discovery was the basis for the
actual X-ray crystallography. In 1924 de Broglie proposed the wave-like nature of
electrons, what allowed for the possibility of even shorter wavelengths compared to
X-rays. This possibility was proved in 1927 with the first electron diffraction (ED)
experiment, which was achieved at the laboratory of Davisson [1] and Thomson
[2], resulting in their Nobel Prize in 1937. In 1931, Ruska and Knoll succeeded to
develop the first electron microscope [3]. Further effort on the development of the
electron diffraction technique and on electron diffraction cameras lead Pinsker and
Vainshtein to achieve the first crystal structure solved from electron diffraction
data in 1949 [4, p. 305]. Since then several crystal structures were elucidated
using electron diffraction [5, 6, 7], but the method used to obtain the calculated
intensities was based on the kinematical approximation.

The kinematical approximation is based on the assumption that the incident
electron beam interacts weakly with the crystal potential, there is only a single
scattering and the magnitude of the scattered wave is weak compared to the inci-
dent one. This single scattering would result in each diffraction being independent
of the other ones (Fig. 1.1(a)).

In the kinematical approximation, the diffracted intensity related to a scatter-
ing vector g is proportional to the square of the amplitude of its structure factor
(Ig ∝ |Fg|2). However, in 1914 Darwin noticed that this approximation violates
the conservation of energy, since it considers only the wave diffracted by the first
crystal plane [8, p. 68]. Indeed, if the incident wave satisfies the Bragg condition on
the first crystal plane, it is partially reflected and transmitted at each of the next
lattice planes as well, and the transmitted component becomes a primary wave for
generating a new set of reflected and transmitted waves when it goes through the
next crystal planes (Fig. 1.1(b)). Hence, multiple scatterings hold even for very
thin crystals and how many times the interaction can occur depend on the sample
thickness, on the crystallinity of the sample, on the orientation of the crystal, and
on the strength of the scattering [9, 10].

In electron diffraction the electrostatic potential as seen by the electron beam
includes the nuclear and the electronic contributions and thus electrons from the
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k k+g
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(b)

K0 K0

Figure 1.1: (a) Kinematical approximation: Single scattering of the incident beam
when crossing the crystal potential. (b) Dynamical scattering: The incident beam
is diffracted, becoming a primary beam which is scattered multiple times while
crossing the crystal potential.

incident beam are scattered with the intensity of about 106 times stronger for high
energy electron diffraction (HEED) (voltage of the source about 20 keV or higher)
than for X-rays. This stronger interaction allows one to obtain crystal information
from samples with a few cubic-nanometers in size, but also generates multiple
scatterings, or dynamical scatterings. Therefore, the validity of the kinematical
approximation is limited for electron diffraction. In spite of providing a reliable
qualitative interpretation of the diffraction patterns of the crystal, the resulting
refined structure parameters are not accurate, and the figures of merit are known
to be high [11].

One of the approaches used for minimizing the effects of the dynamical scat-
tering is to integrate several orientations of the incident beam for each crystal
position using precession electron diffraction (PED) [12].

1.2 Precession electron diffraction (PED)

In 1994, Vicent and Midgley developed the precession electron diffraction [12],
which consists in deflecting the incident beam away from the optical axis with
a precession angle ϕ of a few degrees (usually less than 3◦). The incident beam
precesses around the optical axis and makes a cone surface with vertex on the
surface of the sample. The coils after the specimen descan the beam, so that the
reflections are spots, as can be seen in Fig. 1.2(a). The result is a diffraction
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pattern that has intensities integrated from diffraction conditions over a range of
angles α: Iexpg ∝

∫ 2π

0
Ig(α)dα [12, 13]. Since these intensities are integrated for

slightly different orientations, they are less sensitive to small crystal imperfections
and a lower number of multiple scattering occurs, resulting in intensities with a
pseudo-kinematical character. For data without PED only a cross section of each
reflection with the Ewald sphere is considered. Fig. 1.2(b) shows the range of
angles α used for the integration of the reflection, and the Ewald sphere cutting
the reflection when the precession is not used.

C2 aperture lens

Beam upper and lower
deflection coils

Objective pre-specimen

Specimen plane

Objective post-specimen

Direct beam Diffracted beam

Diffraction pattern

Intermediate lens

Image upper and 
lower deflection coils

Precession of the diffraction pattern

Precession of the beam

optical axis

Descan on Descan off

Ewald sphere

optical axis



Projection of the
diffraction pattern
without precession

Projection of the
diffraction pattern
with precession



Region covered
by the precession

(a) (b)



Figure 1.2: Scheme of the precession of the beam. (a) The direct beam and one
diffracted beam are represented. The direct beam is deflected by the beam coils
above the specimen, forming a cone surface with vertex at the sample surface. The
coils below the specimen descan the beam, resulting in diffracted spots. (b) The
Ewald sphere sweeps the rods of reflections because of the precession, covering an
angle α during the precession circuit. The projection of the diffraction pattern is
represented with and without precession.

PED gives kinematical-like intensities, but dynamical scattering is unavoid-
able. The solution to the dynamical scattering is to use the dynamical theory of
diffraction during the calculation of the diffracted intensities of ED.
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1.3 Evolution of the dynamical refinement

The dynamical theory has been known for decades (see section 1.4). In spite
of that, its use only took place in the nineties, when the dynamical theory of
diffraction was used for the first time to refine structure parameters using oriented
patterns of convergent-beam electron diffraction (CBED) [14]. In 1998 Jansen et
al. [15] developed the Multislice Least-Squares (MSLS), which uses a combination
of the multislice method with a least-squares algorithm. The multislice method
considers the crystal as a stack of slices of equal and very small thickness to
calculate dynamical scatterings. The n beams dynamical theory was used for
the refinement of crystal structure parameters using oriented patterns of CBED in
the software called Many-Beam Dynamical Calculations and Least-squares Fitting
(MBFIT) in 1999[16]. The next software developed using the dynamical theory
of diffraction was ASTRA [17], which was developed by Dudka et al. and uses
two approaches: The first one performs structure parameters refinement using the
two-beam approximation of the dynamical theory of diffraction and considers the
overlap of reflections from data collected on polycrystalline films. In the second
approach, the refinement of crystal structure using electron diffraction data on
single crystals uses the many beams dynamical theory of diffraction in the Bloch
wave formalism. In 2011 the software eSlice was developed and implemented in
eMap [18]. eSlice allows one to refine crystal structures from oriented patterns
and considers the multislice approach to calculate dynamical scattering, similarly
to MSLS, developed by Jansen et al. [15].

This late use of the dynamical theory of diffraction might be due to the high
demand for computational power to perform the calculations, since the calculation
time was an issue mentioned by most of these authors [14, 16, 17, 18, 19].

These approaches have in common the fact that they use oriented diffraction
patterns. The limitation of oriented patterns is the lack of a complete data set,
since only special orientations of the crystal are used during the data acquisition.
The problem of incomplete data set can be solved either by three-dimensional
electron diffraction tomography (EDT) [20, 21] or by rotation electron diffraction
(RED) [22, 23]. In the three-dimensional EDT the crystal is rotated around an
arbitrary axis in small steps and diffraction patterns are collected at each step for
the same crystal. Since the angles between the diffraction patterns are known,
the reciprocal space can be reconstructed giving additional information about the
electron diffraction [20, 21, 24]. In the rotation electron diffraction the tilt of the
goniometer is combined with the beam tilt and diffraction patterns are collected
at each position. These patterns are processed, also giving three-dimensional in-
formation of the reciprocal space [23].

PED and EDT (PEDT) were combined in 2009 by Mugnaioli et al., what
enabled one to obtain complete data sets and less multiple scatterings. This com-
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bination has been used to determine several crystal structures [25, 26, 27], but still
with high figures of merit and unreliable accuracy of the structure parameters [11]
because the kinematical approximation was still used.

Although PEDT allows solving structures ab initio and the dynamical theory
of diffraction has been known for decades, the lack of a general routine to analyze
the structures using the n beams dynamical theory for a complete 3-dimensional
data set prevented the wide use of the technique for some time.

The first step for the routine using the n beams dynamical theory of diffraction
to refine a complete ED data set was performed in our laboratory by Palatinus
et al. in 2013 [27], when it was shown that using the dynamical diffraction the-
ory to oriented patterns obtained by PEDT gives results with better figures of
merit and more accurate structure parameters than the ones obtained using the
kinematical approximation. The complete dynamical refinement, using n beams
on a 3-dimensional data set collected by EDT without especial orientation (called
dynamical refinement hereinafter), followed in 2015 by Palatinus et al. [28]. The
dynamical refinement can be applied to data collected either with or without pre-
cession, and it is implemented in the crystallographic software Jana2006 [29, 30].
Since then the dynamical refinement became freely available. Palatinus et al. [28]
describes the implementation of the dynamical theory of diffraction for the full-
matrix least-squares refinement, and the parameters of the method in detail. An
overview of the basic calculations used during the dynamical refinement is given
in the following sections.

1.4 The dynamical theory of diffraction

The dynamical theory of diffraction using the Bloch wave approach is well covered
in several sources [10, 31, 32, 33, 34] and an overview will be given here.

In electron diffraction, the interaction of the incident electron beam with the
crystal is given by the interaction of a plane wave with the time-independent,
periodic potential field of the atoms within the crystal. The amplitudes of the
diffracted beams are obtained from the solution of the Schrödinger equation, which
gives the wave function of an electron propagating in a periodic medium [35, 36]:

−h2

8π2m
∇2ψ(r) + eV (r)ψ(r) = eEψ(r), (1.1)

where h is the Planck constant, m is the electron mass, ψ is the wave function,
e is the electronic charge, E is the accelerating potential producing the incident
beam, and V (r) is the electrostatic potential of the crystal. V (r) is maximum at
the atomic positions r.
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It was shown by Fujiwara [37] and Ferwerda et al. [38] that the solution of
the Dirac equation, considering spins and using high-energy approximation, gives
the same equation as the non-relativistic Schrödinger equation (Eq. 1.1) using
the relativistic electron mass and wavelength. Hence, the time-independent non-
relativistic solution of the Schrödinger equation can be used to describe the elastic
scattering of the electrons by the crystal [39, 33], given that the motion of the
electron is constant and that the relativistic electron mass and wavelength are used
for HEED. The solution of the Schrödinger equation for the periodic potential is
given by a linear combination of degenerate Bloch waves:

ψ(r) =
n∑

j=1

εjψj(r). (1.2)

Here εj are the Bloch excitation coefficients. The Bloch wave in the degenerate
state is given by

ψj(r) =
∑
g

Cj
g exp

(
2πi(kj + g).r

)
, (1.3)

where kj is the wave vector excited in the crystal, g is the reciprocal lattice
vector, and Cj

g are the wave amplitudes. In order to find Cj
g it is necessary to

determine which wave vectors kj will be excited in a crystal for given crystal ori-
entation. The total number of possible excited waves will depend on the total
energy of the electron beam, while the boundary conditions such as crystal ori-
entation and crystal shape determine the Bloch waves which can be excited and
the Bloch wave excitation coefficients εj. Hence, εj are different for equivalent
reflecting positions of the crystal, yielding different intensities for symmetrically
equivalent reflections.

The electrostatic potential V (r) of the crystal is a periodic function with peri-
odicity depending on the atomic positions. Hence, it can be expanded in Fourier
series

V (r) =
∑
g

Vg exp(−2πig.r), (1.4)

where Vg is the Fourier coefficient of the crystal potential given by the Fourier
transform of the lattice potential

Vg =
1

Ω

∫
V (r) exp(−2πig.r)dr, (1.5)

given in units of volts. Ω is the unit cell volume. For an infinite crystal this
Fourier transform consists of discrete peaks positioned exactly at the reciprocal
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lattice nodes. However, for a finite crystal the diffracted intensities have a relrod
shape and the Ewald sphere will be a plane cutting the intensity relrods. The
distance from the reciprocal lattice point to the Ewald sphere along the normal of
the crystal surface is called excitation error Sg.

The Fourier transform of the potential gives the atomic scattering factors,
which expresses how much a single atom scatters an incident electron, or the
amplitude probability of the incident electron with wave vector K0 to be scattered
in the direction K′ by the interaction with an isolated atom. The atomic scattering
factor is

f e(g) =

∫
V (r) exp(2πig.r)dr . (1.6)

It is analogous to the atomic scattering factor of X-rays, which is given in
function of the atomic electron density. The unit of the atomic scattering factor
in electron diffraction was derived from nuclear physics and it is given in V·Å3,
while the atomic scattering factors of X-ray are given in units of electrons. It is
important to note that f e does not depend on any experimental parameter, since g
depends on the Bragg condition which only depends on the interatomic distances
within the crystal structure. The summation of the atomic scattering factors gives
the structure factor Fg (Fg ∝ Vg) for an unit cell.

Now, using the Bloch wave approach (Eq. 1.3) developed by H. Bethe [31] and
the potential expanded in Fourier series (Eq. 1.4) in the Schrödinger equation (Eq.
1.1), the dispersion for HEED is obtained:

[K2 − (kj + g)2]Cj
g +

∑
h

Ug−hC
j
h = 0 (1.7)

where Ug is the dynamical structure factor for a given reciprocal lattice vector
g and the relation Ug = 2me

h2
Vg was used. Ug is a complex number and it can

be shown that the complex part describes the effect of inelastic scattering [40,
p. 327]. Here we will consider only the elastic scattering, thus the real term of the
potential.

Restrictions on the total energy will determine the vectors kj which can be
excited in the crystal and their associated amplitudes, according to the energy
relation E(K) = K2h2

2me
. K is the wave vector of the incident beam corrected for

the crystal inner potential K2 = (K2
0 + U0). Since the potential from the beam

is some orders of magnitude higher than the lattice potential (−h
2

2me
>> U0), the

HEED approximation is valid, which means that the back scattered waves can be
neglected.

Following from Eq. 1.7 if n beams are considered to be excited [32], the set of n
linear homogeneous equations can be conveniently written as a n×n square matrix.
Note that the kinematical approximation is achieved by using a single scattering in
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the dynamical approach. Neglecting back-scattered waves, the square matrix can
be transformed in an eigenvalue eigenvector equation which can be diagonalized,
arriving at the structure matrix A with components aij:

aij =


Ugi−gj

(1+gn,i/Kn)1/2(1+gn,j/Kn)1/2
, i, j = 1, n; i 6= j

|K|2−|K+gi|2
(1+gn,i/Kn)1/2

, i = 1, n; i = j,

(1.8)

where gn and Kn are the projections of the vectors g and K along the normal
to the crystal surface [10, p. 38].

Defining a diagonal matrix M as

mii =
1

(1 + gn,i/Kn)1/2
, (1.9)

the incident waves are related to the scattered ones through the scattering
matrix S

S = M exp (
2πit

2Kn

A)M−1, (1.10)

which is given by the exponential of the structure matrix A, and the thickness
t of the crystal slab. If absorption is neglected and there is only one incident plane
wave K, the diffracted intensities are given by the square of the amplitude of one
column of the scattering matrix

Igi = |ψ|2 = |Si1|2 (1.11)

As seen from Eq. 1.8, the diffracted intensities (Eq. 1.11) are affected by the
crystal orientation through the components of the structure matrix aij (Eq. 1.8)
and by crystal thickness t inside the scattering matrix S (Eq. 1.10). Therefore,
assuming the crystal to be a slab is a limitation for the method. On the other hand,
the positions of the reflections in the ED pattern are not substantially altered by
a small modification on the orientation of the crystal.
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2. The dynamical refinement
implemented in Jana2006

2.1 Crystal potential

During the structure analysis, the difference of electron density is observed on the
Fourier maps for X-ray diffraction. With the intention to define an equivalent to
the difference electron density of X-ray for electron diffraction, an analogous to
difference potential was pursued.

The electrostatic potential of an atom scatters the electron beam during elec-
tron diffraction (ED) similarly to the scattering of X-ray by the electron density
during X-ray diffraction. The Fourier expansion of the electrostatic potential (Eq.
1.4) is

V (r) =
∑
g

Vg(g) exp(−2πig.r) =
∑
g

Vg(s) exp(−4πis.r) ,

where 2s = K
′
0 −K0 = g is the difference between the incident and the scat-

tered wave vectors. The Fourier coefficient Vg of the crystal potential can be writ-
ten as a function of the summed electron scattering factors fB(s) for the whole
unit cell volume Ω using the structure factor FB =

∑
i f

B(s) exp(4πs.ri)

Vg(s) =
h2

2πm|e|
FB

Ω
, (2.1)

given in volts in the International System of Units (SI) or in statvolts, using
the Gaussian units (G)

Vg(s) =
h2

8π2ε0m|e|
FB

Ω
. (2.2)

However, this equation is given as Vg(s) =
h2

8πε0m|e|
FB

Ω
in several books on

Crystallography [10, 41, 42, 36].
In order to verify Vg, we start from the atomic scattering, which is an atomic

property independent on the scattering process or the theoretical approximation
used for the description. As given by Eq. 1.6 for electrons and using 2s = g, the
atomic scattering factor is defined as

f e(s) =

∫
V (r) exp(4πis.r)dr ,
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given in units of V·Å3. Integrating f e(s) by parts and using the Poisson’s

relation ∇2V (r) =
−|e|
ε0

(ρn − ρe), where ρn is the charge density of the nuclei and

ρe is the charge density of electrons, the relation between the electron scattering
factor and the X-ray scattering is given by

f e(s) = − 1

16π2s2

∫
V (r)∇2 exp(4πis · r)dr =

|e|
16π2ε0s2

[Z − fX(s)] . (2.3)

According to the Mott-Bethe relationship

fB =
me2

8πε0h2
Z − fX(s)

s2
.

Substituting f e (Eq. 2.3) in fB

fB =
2πm|e|
h2

f e =
σ

λ
f e,

where σ is the interaction constant and λ is the electron wavelength. The
atomic scattering factor fB for electrons is the quantity measured and it is given
in units of Å, with values given in the International Table volume C [36]. Ångströn
might be a counter-intuitive unit, but the reason why this is used is given by his-
torical accident as the term appearing in the first order of the Born approximation,
which was derived from the scattering theory and considers the atomic scattering
factors fB as a function of the scattering vector (given in units of Å) [35].

Now, Vg is given according to Eq. 2.1

Vg(s) =
h2

2πm|e|
FB

Ω
=

1

Ω

λ

σ
FB,

and the structure factor is

FB =
Vg(s).Ω2πm|e|

h2
, (2.4)

given in Å.
The difference between the amplitude of the experimental structure factor and

the one from the model gives the difference Fourier map for electron diffraction

∆|FB| = |FB
exp − |FB

model|| . (2.5)

A more intuitive quantity measured during ED might be the potential in units
of electrons per Ångström instead of volts, which would gives an idea of a potential
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density. This might be obtained by transforming the potential V (r) from the
Gaussian (G) to the International System of Units (SI). Knowing that

V (r) =

∫
ρ(r′)

|r− r′|
d3r′ (G) (2.6)

in Gaussian units and

V (r) =
1

4πε0

∫
ρ(r′)

|r− r′|
d3r′ (SI), (2.7)

then the potential is given as

V (r)[
e

Å
] = V [V]× 4πε0

e
= V [V]× 0.06942 , (2.8)

in units of electron per Ångström and a more intuitive result is obtained.

2.2 Calculated intensities

The method used in Jana2006 to calculate the intensities considering the dynamical
interaction is the Bloch-wave method, explained in detail in [28] and in section 1.4.

The calculated intensities are commonly based on the assumption that the
crystal is an infinite uniform slab with planar parallel surfaces. In this case, it
was shown in section 1.4 that the diffracted wave function would depend on the
thickness and on the orientation of the crystal. However, real crystals very often
are not perfect slabs and the diffracted intensities are influenced by the shape of
the crystal. As a consequence equivalent diffracted beams might have different
intensities caused by multiple interactions taking place at different positions at
the non-planar crystal. For instance, Metherell [33, p. 487] showed that for a
wedge shaped crystal, thickness fringes in the diffracted pattern appear due to the
interference between non-parallel direct and diffracted waves. Since it would be
difficult to calculate the diffracted intensities for a crystal with irregular shape,
one possible approximation is to consider the crystal as a group of parallel slabs
or columns of different thickness. This approximation is valid if the crystal is not
very irregular. In this case the intensities can be calculated using the probability
density distribution of the thickness across the crystal as

Ig =

∫ tmax

tmin

Ig(t)f(t)dt. (2.9)

Geometric approximations were used to analytically obtain the thickness prob-
ability density [28], which can be used during the calculation of the intensities used
in the dynamical refinement.
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2.2.1 Crystal shapes

Since the shape of the crystal measured has an influence on the diffracted inten-
sities, the aim here was to take it into account during the dynamical refinement
through the use of geometric approximations of different crystal shapes.

The cumulative distribution function (CDF) was calculated for four fundamen-
tal crystal shapes, which are available to be used during the dynamical refinement:
wedge, cylinder, ribbon with the intersection like a lens, and a convex lens.

Let F (t) be the CDF corresponding to the thickness probability distribution
function f(t). We then define the following quantities:

• t is the thickness along the beam direction, assuming the beam vertically
incident on the crystal;

• D and tm are the maximum lateral length and thickness of the crystal, re-
spectively;

• f = tm
D

is the flatness parameter;

• τ = t
tm

is the reduced thickness of the crystal;

• x is the lateral distance from the origin of the coordinate system.

Wedge

The length and the thickness of a wedge are linearly related by t = xtm
D

. The
probability F (t) of the incident beam hitting a thickness smaller then t is the
position x corresponding to t divided by the maximum length D

F (t) =
x

D
=

t

tm
. (2.10)

Hence,

F (τ) = τ , (2.11)

represented by the shaded area on Fig. 2.1(a).

Cylinder

The cylinder model represents either a needle-shaped crystal or a nanowire. Con-
sidering the cylinder lying perpendicular to the beam, with the beam parallel to
the vertical axis of Fig. 2.1(b), F (t) will be that of a circle. The thickness de-
pends on the coordinate x, where the origin was chosen to be in the center of the
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Figure 2.1: Sketch of (a) a wedge-shaped crystal, and (b) a cylindrical crystal.
Shaded area highlights the part of the crystal thinner than t.

circumference (Fig. 2.1 (b)), with maximum thickness equal to the diameter D.
F (t) of a thickness t is the length (D− 2x) (the length in the horizontal axis from
the shaded area on Fig. 2.1(b)) divided by the total length D of the crystal

F (x) =
D − 2x

D
= 1− 2x

D
, (2.12)

where 2x = 2
√(

D
2

)2 − ( t
2

)2
.

Hence, F (t) = 1− 2
√

(D
2
)2−( t

2
)2

D
= 1−

√
1− ( t

tm
)2 or, in function of the reduced

thickness,

F (τ) = 1−
√

1− τ 2. (2.13)

Ribbon with lens-shaped cross-section

A two-dimensional lens can be represented as the intersection of two disks of equal
radius displaced from each other in the vertical direction tm

2
(Fig. 2.2(a)), where

the thickness t is defined in the vertical direction. Since the difference between the
ribbon and the cylinder is that tm < D

2
for the ribbon, F (x) is the same as for the

cylinder F (x) = 1− 2x
D

, but the position in function of the thickness is given by

x =

√√√√((D2 )2 +
(
tm
2

)2
tm

)2

−

(
t

2
+

(
D
2

)2 − ( tm
2

)2
tm

)2

. (2.14)
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Using the reduced thickness and the flatness parameter to simplify,

x =
D

2

√
1− τ 2f 2 − τ(1− f 2), (2.15)

the cumulative distribution function is

F (τ) = 1−
√

1− τ 2f 2 − τ(1− f 2). (2.16)

F (τ) of the ribbon converges to that of the cylinder for tm = D.

0

(b)

x

Dtmt x

D

0

(a)

Figure 2.2: (a) Lens in two dimensions formed by the intersection of two disks
with the same radius displaced to each other in the vertical direction. (b) Disk
with shaded area representing the part of the convex lens with thickness smaller
than t.

Convex lens

The convex lens is generated by rotating the two-dimensional lens around the
vertical axis (Fig. 2.2(b)). F (t) is the ratio between the area with thickness
smaller than t (shaded ring of the Fig. 2.2(b)) and the total area of the disk

F (x) =
π(D

2

2 − x2)
πD

2

2 = 1−
(

2x

D

)2

. (2.17)

Since x is the same as for the ribbon, x = D
2

√
1− τ 2f 2 − τ(1− f 2),

F (t) = τ 2f 2 + τ(1− f 2). (2.18)

Some other shapes can be deduced from these previous cases.
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If tm = D for the convex lens, f = 1, and the lens becomes a sphere with F (t) =
τ 2. On the other hand, if D −→ ∞, f −→ 0 and the cumulative distribution
function F (τ) will be that of a wedge. The cumulative distribution functions of
the shapes considered here are plotted on Fig. 2.3 in function of the reduced
thickness.

F
(t

)

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0

lens f=0.2
sphere
ribbon f=0.2
cylinder
wedge

Reduced thickness

Figure 2.3: Cumulative density function as a function of the reduced thickness
plotted for wedge, cylinder, ribbon (2D lens), sphere and convex lens.

As can be seen in the plot (Fig. 2.3), the CDF (t) of the regular 3D lens evolves
from the sphere (D = tm) to an approximately linear behavior for the lens with
proportion D : tm = 1 : 5. The situation when the lens has both length and
thickness equal is equivalent to an isotropic crystalline nanoparticle.

2.3 Dynamical refinement of PEDT data

During the development of this thesis the dynamical refinement was tested in order
to identify the behavior of the parameters of the method [43]. For each sample a
reference structure was available, which could be compared to the results obtained
by the dynamical refinement of PEDT data. The comparison between the two
models evidenced the accuracy which might be achieved by the method, as well as
the limitations. One of the samples tested was Ni2Si, which is presented in section
2.4.2.
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The methodology used during the verification of the parameters of the dy-
namical refinement follows below, where we describe the data collection and the
refinement of the structure parameters until the final comparison with results from
single crystal X-ray diffraction (SCXRD).

2.3.1 Data collection

After finding a suitable crystal giving intense diffraction pattern, the precession
angle is aligned, the goniometer is tilted to the minimum angle, and the automated
process of data collection starts. Electron diffraction tomography was performed
using the in-house module RATS (Record Automated Tilt Series), which reduces
the exposure time of the sample under the beam and optimizes the total mea-
surement time, since almost no intervention of the user is necessary. In the semi-
automated mode used here, the user defines the minimum angle where to begin the
data acquisition. RATS tilts the sample to the minimum angle of the goniometer,
takes and saves the diffraction pattern at this position, tilts the sample by a small
angle determined by the user, and let the user check the position of the crystal. If
necessary, the crystal is manually moved back to stay under the beam and another
diffraction pattern is taken and recorded by RATS.

2.3.2 Data processing and structure solution

Intensities obtained by EDT must be extracted from ED patterns to be used in the
structure solution, which was done using PETS (Process Electron Tilt Series) [44].
The procedure is very similar to the standard processing of X-ray diffraction data.
Diffracted intensities are searched on the frames, the positions are recalculated to
the 3D coordinates in reciprocal space, and a difference vector space is calculated
from the obtained vectors [44], in a process similar to the procedure described in
[20, 21].

The list of reflection and positions is imported to Jana2006 and the graphical
interface for indexing is used for finding the lattice parameters and the orientation
matrix of the crystal. This matrix is imported to PETS, which uses this matrix
to integrate the reflection intensities. Two types of integration are possible. The
first one is useful for the structure solution and for the kinematical refinement,
where intensities belonging to the same reflection on adjacent frames are integrated
together. This kinematical integration results in a list of intensities containing one
entry per each hkl triplet. The second integration type, used for the dynamical
refinement, integrates the intensities independently on every frame. In this case,
different frames might have entries for the same hkl triplet, and in the output each
entry is identified both by the number of the frame on which it was observed and
by the hkl triplet.
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The output file with the list of integrated intensities in the kinematical ap-
proach can be imported to a standard crystallographic software for structure so-
lution. Here it was imported to Jana2006, which uses Superflip [45] to solve the
structure. This model can be refined using the kinematical approximation. The
output using the dynamical approach can be imported to Jana2006 for the dy-
namical refinement.

2.3.3 Structure refinement

Least-squares refinement is the method of choice to refine crystal structure pa-
rameters. It is well established and frequently used for X-ray and for neutron
single-crystal data. The standard full-matrix least-squares refinement is also used
in the dynamical refinement performed in Jana2006. During the dynamical re-
finement it is necessary to select which reflections should be considered in the
least-squares refinement. The selection is performed using two kinds of param-
eters that are specific to the dynamical refinement: Parameters related to data
selection, which are used to decide which reflections of the diffraction pattern can
be considered during the refinement, and parameters that select which beams will
be considered in the structure matrix. The parameters used during the data se-
lection are specific to the dynamical refinement and have no equivalent in X-ray
diffraction procedure.

The selection of the reflections from each diffraction pattern, or frame, is done
using two parameters. The first one is the excitation error Sg(refine)

Sg =
|K|2 − |K + g|2

2K
, (2.19)

which is used to select reflections according to their distance to the Bragg
condition. The excitation error is a distance in the reciprocal space and it is given
in units of reciprocal Ångström. If a high Sg(refine) is used, a large number of
reflections is included in the refinement, but reflections which are further from the
Bragg condition might be weaker.

The second parameter is RSg . This parameter is defined as the ratio between
the excitation error without precession and the maximum excitation error change
reached by the precession circuit

RSg =
|S0

g|
|g|ϕ

, (2.20)

which identifies how much a reflection is covered by the precession motion.
Reflections which are further than a certain fraction of the precession amplitude
are not well covered by the precession and, therefore, are not considered for the
refinement. RSg forms a belt around the Ewald sphere, as can be seen in Fig. 2.4.
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Figure 2.4: RSg =
S0
g

gφ
is the coverage of the reciprocal lattice because of the

precession of the beam around the optical axis. Three examples of RSg are shown:
RSg < 1, RSg = 1 and RSg > 1.

For instance, RSg=0.5 includes reflections which are twice under Bragg con-
dition during the precession, while RSg=1 includes reflections which satisfies the
Bragg condition only once by the precession circuit. Note that RSg is specific for
data collected using precession and for data collected without it the selection of
reflections is performed by Sg(refine).

The parameters used for selecting the structure factors which will be considered
in the calculated intensities are Sg(matrix) and gmax. Sg(matrix) is the maximum
excitation error and gmax is the limit on the resolution of the reflections which will
enter the structure matrix. Neither of them is related to the experimental data
and they must be in agreement with the parameters which are used to select the
experimental reflections (Smax

g and g).
Another parameter used during the dynamical refinement is Nsteps, which is

only used if the data was collected with the precession of the beam and it specifies
the number of points to which the diffracted intensities should be integrated on
the cycle of the precession.

These parameters of the dynamical refinement are explained in detail in [27,
28, 43].

The thickness and the orientation of the crystal play important role in the
intensities and are optimized prior to the refinement of the structure. Before the
refinement of the structure parameters, each frame has the weighted residue value
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wR(all) calculated for thickness varying from 0 to 2000 Å, in order to estimate
an initial thickness. The curve of the thickness as a function of wR(all) allows
to asses the quality of the data. Some possible problems which might hamper
the thickness estimation are the presence of one very strong reflection or some
frames with very weak reflections, due to crystal degradation, for example. If a
problematic frame is observed during the thickness evaluation, this frame should
be removed from the list of frames to be used during further analysis because it
contains intensities collected under different conditions than the rest of the data.
Another possibility is to use an average of the thicknesses for a sample which is
believed to have constant thickness. Then, one single value of thickness can be
used as initial value for the refinement. Thickness variation due to crystal tilt is
internally considered in Jana2006, and the reported value is the true thickness of
the sample.

2.4 Tests on the parameters of the dynamical re-

finement

The behavior of the parameters used during the dynamical refinement was verified
by performing a series of tests, where each parameter was modified individually and
the results of crystal structure parameters obtained by the dynamical refinement
were compared to those using SCXRD. One of the samples analyzed was Ni2Si,
presented in section 2.4.2. The results of the tests on four other samples are
presented in details in [43].

The tests followed the sequence of steps:

• Initial kinematical model: The data was integrated by PETS by the kinemat-
ical approach, the structure was solved using Superflip and the kinematical
approximation was used for the refinement. Unrealistic parameters, such as
negative atomic displacement parameters (ADPs) were changed to a more
realistic value prior to further treatment of the model by dynamical refine-
ment.

• Inclusion of the data integrated by the dynamical approach: Keeping the
initial kinematical model for the refinement, the list of intensities integrated
by the dynamical approach was imported to Jana2006.

• Thickness estimation: Weighted R-value as a function of the thickness was
calculated for each frame. The thickness which is closer to the real one of
each frame gives the lowest wR1. An average of the thicknesses of all frames
might be calculated and used as an initial estimate of the sample thickness.
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In cases where the sample has a different shape, there is the option to use a
geometric approximation of ideal shapes during the dynamical refinement in
Jana2006 (see section 2.2.1). This option was also used here.

• Dynamical refinement: Least-squares refinement of the structure parameters
was performed using the default values of the parameters of the dynamical
refinement [43]: Smax

g (refine)= 0.1 Å−1, Rmax
Sg

= 0.4, Smax
g (matrix)= 0.01 Å−1,

gmax(matrix)= 2.0 Å−1 and Nsteps = 128. The structure parameters refined
were the atomic coordinates, isotropic atomic displacement parameters and
scale factors of individual frames. All the refinement processes were con-
ducted until convergence. After the optimization of the parameters, an ori-
entation optimization was performed using a downhill simplex algorithm [27].
Problematic frames were identified according to the value of the optimized
tilts and these misoriented frames were removed from the list of frames to be
used during the refinement. Another structure refinement was performed,
using the optimized parameters. If necessary, extra refinements were per-
formed, depending on the evaluation of the results. The refinement using
these default values of parameters was considered as the starting point for
systematic tests.

• The tests: Optimized parameters were Smax
g (refine), Rmax

Sg
, Smax

g (matrix),
gmax(matrix) and Nsteps. One of these parameters was changed at time,
keeping all the other parameters fixed, and the structure was refined until
the convergence.

The model from each refinement using different parameters was evaluated based
on the R-values, specifically R1(obs) and wR1(all), and based on the comparison
with the reference structure. For the reference structure model, a high-quality
model was either obtained by single-crystal X-ray or used from the literature.
The refined structure models were compared with the reference structure based
on the average and maximum distance between an atom and the corresponding
atom in the reference structure. These two quantities are denoted here as Average
Distance to Reference Atoms (ADRA) and Maximum Distance to Reference Atoms
(MDRA).

Another refinement was performed using the two-beam model [46], as used
already in Palatinus et al. [27]. In the two-beam model only the primary beam
and one diffracted intensity are considered as the excited beams in one orientation.
This model allows a comparison more equivalent to the full dynamical refinement
than the kinematical refinement, since it uses the same data and the same number
of parameters, but only two beams are considered as excited, instead of n beams,
as for the full method. On the other hand, the kinematical refinement has no
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equivalent to the dynamical one concerning the number of parameters and data
points used.

2.4.1 Application of the dynamical refinement on nickel
silicides

Nickel silicides became known for their low electrical resistivity, adequate work
function, thermal stability, low Si consumption, and formation controlled by Ni
diffusion. These properties attracted interest in their use as ohmic contacts to
complementary metal-oxide-semiconductor (CMOS) devices in the source [47, p. 5],
drain and gate [48, 49]. There are six stable phases at room temperature [50, 51]:
Ni3Si, Ni31Si12, Ni2Si, Ni3Si2, NiSi and NiSi2. Within these nickel silicides, Ni2Si
is widely used as interconnectors of semiconductors devices and gate of integrated
circuits (IC) [49, 52]. The reaction of Ni2Si and NiSi generates the Ni3Si2 phase
[53, 54, 55], which has potential application in micro and nanosized electronic
devices [56], such as Li-ion batteries [57] and photovoltaic devices [58, 59, 60].

2.4.2 Ni2Si

The first crystal structure of Ni2Si was obtained from a single crystal using a Weis-
senberg camera in 1952 by K. Toman [61], and later from powder X-ray diffraction
[62]. Since our objective was to use the material as a test structure for the dy-
namical refinement, a single crystal X-ray data collection was carried out to have
a more accurate reference structure model.

Sample preparation

It is important to clarify that all the samples used during the development of this
thesis were received from the collaboration with other institutes and their synthesis
will be explained here for the better understanding of the content of the thesis.
Two kinds of samples were used:

1. Nanowires of nickel silicide, which were synthesized by chemical vapor de-
position (CVD) at the Department of Analytical and Material Chemistry,
Institute of Chemical Process Fundamentals of the Czech Academy of Sci-
ences by Vladislav Dř́ınek.

2. Bulk samples of nickel silicides, which were synthesized by arc melting at the
Institute of Physics of the Czech Academy of Sciences by Jaromı́r Kopeček.

Nanowires of Ni2Si (Fig. 2.5) were grown by CVD using SiH4 precursor on Ni
substrate at a pressure of 110 Pa, at 550 ◦C. Bulk samples were prepared from
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pure elements (purity 99.99 %) by arc melting under argon atmosphere in Edmund-
Bühler MAM-1 furnace, and their compositions were verified using Tescan FERA 3
microscope with EDAX Octane 80 mm2 detector. The melting of the sample Ni2Si
was repeated four times for homogenization, giving a sample with single-phase
microstructure composed of elongated grains due to the rapid cooling process on
copper plate.

Figure 2.5: Ni2Si nanowire used for the PEDT data collection. The diameter of
the nanowire is 15 nm. The inset shows an image of the illuminated part of the
nanowire recorded during the PEDT data acquisition.

Precession electron diffraction tomography

The substrate containing the nickel silicide was scratched to remove the nanowires,
which were suspended in ethanol and dropped on a standard Cu grid covered with
amorphous carbon foil. Precession electron diffraction tomography was performed
in a Philips CM120 TEM with a LaB6 cathode, at acceleration voltage of 120 kV,
equipped with a precession device Nanomegas DigiStar, a CCD camera Olympus
SIS Veleta, 2048×2048 pixels 14 bits of dynamical range, and an energy-dispersive
analyzer Octane silicon drift detector (SDD) EDAX. The nanowire of Ni2Si mea-
sured had the diameter of 15 nm and 95 nm of illuminated length (Fig. 2.5). The
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tilt range was from -25◦ to 48◦ with a step of 1◦, resulting in 74 frames collected
within 20 minutes, and the precession angle used was 1.5◦. Details of the mea-
surement are summarized in Table 2.1.

Table 2.1: Experimental details of the PEDT data collection on Ni2Si nanowire.
Space group Pnma
a (Å) 5.0559
b (Å) 3.7567
c (Å) 7.1055
V (Å3) 134.9583
Diameter (nm) 15
Length illuminated by the beam (nm) 95
Data collection
λ (Å) 0.0335
Resolution (Å) 0.746
No of recorded frames 74
precession angle ϕ (◦) 1.5

Single crystal X-ray diffraction

A Ni2Si single crystal with the dimensions of 0.208 × 0.178 × 0.103 mm3 was
measured at 25 ◦C in an Agilent Xcalibur Atlas Gemini Ultra diffractometer,
equipped with an Atlas detector. The data set was treated by analytical absorption
correction (CrysAlisPro; Agilent, 2014). Details of the SCXRD are shown in Table
2.2.

Results - tests on the dynamical refinement

The results of the dynamical refinement and SCXRD were compared based on both
the residue values and ADRA (Average Distance to Reference Atoms). The most
important outcome is that the dynamical refinement gives better results than that
using the kinematical approximation. The second better results come from the two-
beam approximation, which gives better results than the kinematical refinement,
but its results are not as accurate as those from the dynamical approach. Since
the two-beam uses the same number of parameters as the dynamical refinement,
this triple comparison unambiguously shows that the better accuracy obtained by
the dynamical refinement does not have origin in the higher number of parameters
refined, but it comes from the use of the full (n beams) dynamical theory of
diffraction. Another essential observation is that most of the parameters of the
dynamical refinement have no substantial influence on the results. Provided that
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Table 2.2: Experimental and refinement details of the single crystal X-ray data
collection on Ni2Si single crystal.

Space group Pnma
a (Å) 4.9996(7)
b (Å) 3.7261(4)
c (Å) 7.0532(9)
V (Å3) 131.39(3)
Density (g·cm−3) 7.3535
Data collection
λ (Å) (Mo Kα) 0.71069
Resolution (Å) 0.714
µ (mm−1) 28.768
Completeness (%) 98.02
Refinement
R1(obs)1 (%) 1.94
wR(all)2 (%) 2.57
GOF(all)3 (%) 1.31
θmax (◦) 29.104
Max, Min Fourier density 0.54, -0.62
1R1 =

∑
||Fo|−|Fc||∑
|Fo|

2wR = [
∑
w(F 2

o−F 2
c )

2∑
w(F 2

o )
2 ]1/2

3GOF = [
∑
w(F 2

o−F 2
c )

2

Nref−Npar
]1/2

the computational and data selection parameters are kept within reasonable values,
they do not significantly influence the accuracy of the model. ADRA remains
mostly constant, while the residue values vary with the data selection parameters.

According to the tests, the general behavior of the parameters of the dynamical
refinement can be summarized as follow [43]:

• Smax
g (refine) gives better results when set to higher values, which is the ex-

pected result because higher Smax
g (refine) includes more reflections to the

refinement. However, since Smax
g (refine) is strongly related to Rmax

Sg
, the tests

show that the data selection is done effectively by Rmax
Sg

. Smax
g (refine) can

thus be set to a value larger than Rmax
Sg
· gmax · ϕ (from Eq. 2.20). For in-

stance, a data collected using a precession of ϕ = 3◦, using gmax = 2.0 Å−1

and Rmax
Sg

= 1 would give Smax
g (refine)=0.1 Å−1. According to tests on other

samples [43] Smax
g (refine)=0.3 Å−1 can be considered large enough, effectively

infinite. For cases where precession is not used, Rmax
Sg

is zero and the data
selection will completely rely on Smax

g (refine). For such cases Smax
g (refine)
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should be large enough to select all the important reflections for the refine-
ment, but since no precession is used (ϕ = 0◦), Smax

g (refine)=0.01 Å−1 can

be enough [43]. Smax
g (refine)=0.025 Å−1 was used for Ni2Si.

• Rmax
Sg

is the parameter whose value has the largest influence on the results
of the refinement. Low Rmax

Sg
values (such as 0.15 [43]) select reflections

which are closer to Bragg condition and limit the number of reflections in
the refinement. This gives low R1 values, but since a smaller number of
reflections is included in the refinement the data-to-parameter ratio is also
lower and the accuracy of the model will decrease. Rmax

Sg
higher than 0.8

selects reflections which are not well covered by the precession movement of
the beam (Fig. 2.4) and the result is an increased R1 and ADRA values.
Provided that the ratio data-to-parameter is higher than 10, Rmax

Sg
0.4 is

considered a reasonable value [43]. Otherwise, Rmax
Sg

should be increased until
the data-to-parameter ratio of at least 10 is achieved, in order to ensure the
accuracy of the refinement. This was the case of Ni2Si, which had Rmax

Sg
=0.75

to have at least 10 reflection per parameter refined.

• Smax
g (matrix) above 0.01 Å−1 resulted in increased ADRA for most of the

samples tested [43]. Refinement including higher values of Smax
g (matrix)

allows a larger number of intensities used in the structure matrix and thus
the expected results would be that more intensities used for the refinement
would give better accuracy - lower ADRA and ideally lower R1 values. This
increase on ADRA for Smax

g (matrix) larger than 0.01 Å−1 was observed in
previous results [27], but it is the opposite of the expected result. I might
be that beams which are further than 0.01 Å−1 from the Ewald sphere are
more sensitive to crystal imperfections. Given that the model is constructed
for an infinite perfect crystal, it might be that the diffraction of the beams
with a high Sg depart so much from the real situation that it becomes less
accurate to include them than to leave them out completely. Based on the
tests, Smax

g (matrix) 0.01 Å−1 is considered a safe value and it was the one
used for Ni2Si.

• gmax and Nsteps are the parameters with the lowest influence on the model.
gmax should be larger than the maximum experimental value to include all
the data within the experimental resolution. gmax =1.5 Å−1 is enough for a
data set acquired with a resolution of gexpmax =1.4 Å−1. Slightly higher values
might be used for the last steps of the refinement, as shown by the tests on
other samples [43], but gexpmax > 2.0 Å−1 do not result in any improvement
of the refinement accuracy. The influence of Nsteps on the refinement is
surprisingly low, as observed by Palatinus et al. [43] during the tests on
several data sets. Nsteps=96 gives good results, but 128 is more appropriate
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for the last refinement cycles in order to ensure a more accurate result. gmax

=2.0 Å−1 and Nsteps=128 was used for Ni2Si.

In summary two parameters are dominant in the results, namely Smax
g (refine)

and Rmax
Sg

. According to the tests the parameters are recommended to be [43]:
Smax
g (refine) effectively infinite, Rmax

Sg
= 0.4 if the data-to-parameter ratio permits,

Smax
g (matrix)= 0.01 Å−1, gmax(matrix)= 2.0 Å−1 and Nsteps = 128.

For Ni2Si the optimum refinement was obtained using Smax
g (refine)= 0.025 Å−1,

Rmax
Sg

= 0.75 and the default value for the other parameters. The results of the
test for Ni2Si are shown in Table 2.3, for which the recommended values of the
parameters were used and one parameter was changed per time.

The first thing to note is that the kinematical refinement already gave accu-
rate results for this nanowire, most probably because it was a very thin sample,
with the diameter of 15 nm. Refining anisotropic atomic parameters in the kine-
matical refinement decreased both the R1 value and ADRA from 11.07 % to 8.88
%, and from 0.02035 Å to 0.1670 Å, respectively. The two-beam refinement gave
more accurate results than the kinematical one, but still worse than the complete
dynamical refinement, in agreement with the results on other samples [43].

Within the full dynamical refinement, optimization of the orientation was
shown to yield better R values and lower ADRA values [43]. Usually the devi-
ations are around 0.1 or 0.2◦, and when the orientation parameters diverge over
0.5◦ these frames should be removed from the refinement, because they contain
some problem that causes instability during the orientation optimization. These
instabilities might be due to a small shift of the crystal during the data acquisi-
tion, a different piece of sample illuminated for one frame, or a small number of
reflections on the frame for example. All these effects might generate a deviation
of orientation, and frames containing these deviations are not suitable for the re-
finement process, since they were collected at different conditions than the other
frames. Ni2Si had eight frames removed. The reasons, in general, were either the
small number of reflections on the frame or one reflection much stronger than the
rest. Even though Ni2Si has a small unit cell, the data was collected on a thin
nanowire, and these eight frames were removed of the refinement, the optimization
of orientation improved ADRA (0.01057 Å to 0.00826 Å), MDRA (0.01471 Å to
0.01351 Å) and R1 (9.64 % to 7.14 %). Refining anisotropic atomic displacements
improved the model even more. ADRA decreased from 0.00826 Å to 0.00554 Å,
MDRA from 0.01351 Å to 0.00840 Å, and the residue value R1 reduced from 7.14
% to 6.36 %.

Since the data was obtained for a nanowire, the average of the thickness of all
frames was used as an initial thickness. Thickness variation due to sample tilt was
corrected because the nanowire was not lying parallel to the tilting axis, and one
refinement considering the cylindrical shape for the sample was also performed.
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Table 2.3: Results of the test refinements of Ni2Si with varying parameters. The
first line contains the refinement with default parameters. In subsequent lines
the results with one parameter different from the default is shown. Finally a few
special refinement tests are summarized.
varied parameter value R1(obs) (%) wR1(all) (%) Nrefl(obs) Nrefl(all) ADRA (Å−1) MDRA (Å−1)

all parameters default 7.14 7.56 849 1913 0.00826 0.01351
Rmax
Sg

0.30 5.16 5.61 330 722 0.01857 0.02109

Rmax
Sg

0.40 5.77 6.05 438 1008 0.01679 0.01849

Rmax
Sg

0.50 6.38 6.83 567 1290 0.00959 0.01268

Rmax
Sg

0.60 6.50 7.38 673 1545 0.00901 0.01419

Rmax
Sg

0.70 7.21 7.88 806 1815 0.01067 0.01375

Rmax
Sg

0.80 7.03 7.44 902 2010 0.00801 0.01373

Rmax
Sg

0.90 7.12 7.71 981 2150 0.00724 0.01016

Rmax
Sg

1.00 7.01 7.39 1033 2225 0.00795 0.01103

Rmax
Sg

1.25 7.43 7.95 1099 2359 0.00694 0.00829

Rmax
Sg

1.50 7.77 8.20 1134 2433 0.00595 0.00848

Smax
g (refine) 0.005 3.22 3.76 211 433 0.01170 0.01507
Smax
g (refine) 0.010 5.49 5.83 440 963 0.01200 0.01516
Smax
g (refine) 0.015 6.33 6.72 650 1400 0.01018 0.01327
Smax
g (refine) 0.020 6.88 7.22 779 1724 0.00858 0.01157
Smax
g (refine) 0.030 7.24 7.82 853 1941 0.00725 0.01114

gmax(matrix) 1.5 7.18 7.60 852 1918 0.00897 0.01391
gmax(matrix) 3.0 7.14 7.56 852 1917 0.00890 0.01363
Smax
g (matrix) 0.0075 7.37 7.70 844 1912 0.00894 0.01611
Smax
g (matrix) 0.0125 7.06 7.60 848 1898 0.00803 0.01162
Smax
g (matrix) 0.015 6.85 7.26 839 1897 0.00915 0.01242
Smax
g (matrix) 0.020 6.81 7.18 843 1908 0.01088 0.01661
Smax
g (matrix) 0.025 6.81 7.22 850 1894 0.01088 0.01533
Smax
g (matrix) 0.030 6.81 7.19 845 1890 0.01206 0.01594

Nsteps 32 7.18 7.84 850 1919 0.01040 0.01593
Nsteps 48 7.25 7.93 851 1925 0.00844 0.01377
Nsteps 64 7.11 7.54 857 1925 0.00803 0.01377
Nsteps 96 7.14 7.57 853 1920 0.00870 0.01440
Nsteps 256 7.14 7.60 854 1920 0.00808 0.01178

kinematical refinement 11.07 11.53 88 118 0.02035 0.02843
kinematical anisotropic ADP 8.88 8.59 88 118 0.01670 0.02313

two-beam 7.89 8.76 865 1937 0.01860 0.02186
no orientation optimization 9.64 10.86 857 1942 0.01057 0.01471

anisotropic ADP 6.36 7.00 851 1912 0.00554 0.00840
Dynamical cylinder 7.25 10.34 721 1660 0.00730 0.01060

The refinement using the cylindrical shape was slightly better than the standard
refinement using the plate model. It indicates that using an idealized crystal shape
improves the model, but the general assumption of a crystal slab is not detrimental
to the accuracy of the refined model for such a thin nanowire. The results of all
these tests are included in Table 2.3. Both the isotropic and anisotropic atomic
displacements were positive definite since the kinematical refinement. Ni2Si was
the model with the most accurate results within the tests performed by Palatinus
et al. [43], mostly likely because of the small number of atoms in the unit cell.
The atomic coordinates and the atomic distances to the reference structure are
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shown in Table 2.4, for kinematical and dynamical refinements. These results
show that the dynamical refinement gives accuracy approaching that of SCXRD,
with a maximum difference of the atomic position from the reference structure
smaller than 0.01 Å.

Table 2.4: Fractional coordinates for the three independent atoms of Ni2Si obtained
by kinematical and dynamical refinements, and from the reference structure. Dis-
tances to the reference structure are also shown. The fractional coordinate y is
symmetry-restricted to 0.25 for all atoms.

Atom coordinate kinematical dynamical reference
Ni1 x 0.175(2) 0.1699(6) 0.17026(14)

z 0.0609(8) 0.0612(2) 0.06027(9)
Ni2 x 0.041(2) 0.0446(6) 0.04204(14)

z -0.2925(7) -0.29343(19) -0.29389(10)
Si1 x -0.289(4) -0.2884(9) -0.2877(3)

z 0.1105(11) 0.1140(3) 0.1144(2)

Distance to the position in the reference structure (Å)
Ni1-Ni1ref 0.022(11) 0.0065(18)
Ni2-Ni2ref 0.010(6) 0.014(3)
Si1-Si1ref 0.028(9) 0.005(4)

2.4.3 Ni3Si2

Ni3Si2 had its structure determined by single crystal data from a Weissenberg
camera and the unit cell determined by powder diffraction in 1961, space group
identified as Cmc21 based on the Patterson sections [63]. However, since no further
explanation was given, we can only speculate that they used Harker sections, which
are sections of the Patterson maps containing a large amount of interpretable data,
for the interpretation of the symmetry. Patterson maps represent the interaction
between every pair of atoms and they are of difficult interpretation. During our
structure analysis of Ni3Si2 nanowires by electron diffraction the space group was
identified to be the centrosymmetric Cmcm. Given the wide scope of application
of nanomaterials and the correlation between structure and properties, accurate
structure solution of nanocrystals is of great importance and interest. Hence, we
used the dynamical refinement to refine the crystal structure of Ni3Si2. Results
demonstrate that the assignment of the noncentrosymmetric space group Cmc21

is incorrect and that the correct space group is Cmcm. In order to confirm the
results and verify the accuracy of the model, an approach similar to that used for
Ni2Si was used.
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2 m 500 nm

Figure 2.6: TEM image of the Ni3Si2 nanowire used for the PEDT data collection.
The diameter of the nanowire is 35 nm. The inset shows an image of the part
illuminated on the nanowire during the data acquisition.

Sample preparation

Ni3Si2 (Fig. 2.6) were grown by CVD using SiH4 precursor on Ni substrate at 110
Pa, at 500 ◦C. Bulk samples were prepared from pure elements (purity 99.99 %)
by arc melting under the argon atmosphere in Edmund-Bühler MAM-1 furnace.
Bulk sample Ni3Si2 was homogenized by repeating the melting five times, giving
a sample with rough casting microstructure with voids between the grains, and
with grains elongated in the thermal gradient direction. The sample composition
was verified using Tescan FERA 3 microscope with EDAX Octane 80 mm2 detec-
tor. Border parts of the sample contained an eutectic mixture of Ni3Si2 with the
admixture of Ni2Si.

Precession electron diffraction tomography

Nickel substrate was scratched to remove the nanowires, which were suspended
in ethanol and dropped on a Cu grid covered with carbon foil. The selected
nanocrystal of Ni3Si2 had the diameter of 35 nm and total length of 1 µm. The
length of the illuminated part of the nanowire was 150 nm, as shown in Fig.
2.6. The data collection was performed with a tilt series in the range -56◦ – 55◦,
which gave 112 frames in a total time of 30 minutes. Parameters of the PEDT
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measurement are summarized in Table 2.5.

Table 2.5: Experimental details of the PEDT data collection on Ni3Si2.
Crystal data
Chemical formula Ni3Si2
Crystal system, space group Orthorhombic, Cmcm
a, b, c (Å) 12.35, 10.92, 6.981

V (Å3) 940.998
Z 16
λ (Å) 0.0335
Diameter×length (nm2) 35×1000
Length illuminated by the beam (nm) 150
Density (g·cm−3) 6.5572

Data collection
Temperature (◦C) 20
hmin hmax, kmin kmax, lmin lmax -15 14, -15 15, -9 9
Resolution (Å) 0.7163
No of recorded frames 112
Precession angle ϕ (◦) 2.0
Completeness (%), θfull (◦) 82.00, 0.95
No. of measured, independent and ob-
served reflections [I> 3σ(I)]

25248, 8250, 4681

Dynamical Refinement (anisotropic atomic displacement parameters)
R1(obs), wR(all), GOF (obs/all)(%) 8.23/13.48, 8.04/9.70, 2.37/2.16
No. of refined parameters 170
1Unit cell parameters from EDT are known to have distortions and lower accuracy [21, 11].

Single crystal X-ray diffraction (SCXRD)

Single crystal X-ray data was acquired in an Agilent Xcalibur Atlas Gemini Ultra
diffractometer, equiped with an Atlas detector, for which the data sets were treated
by analytical absorption correction (CrysAlisPro; Agilent, 2014). The measured
Ni3Si2 single crystal had the dimensions of 0.101 × 0.065 × 0.044 mm3 at 25 ◦C.
Information about the SCXRD measurement are presented in Table 2.6.

Results

Both datasets from PEDT and SCXRD were solved using Superflip [45] without
prior information on the symmetry [65]. The structure solution readily indicated
the space group Cmcm. The final SCRXD model gave low residue values and
small residual electron density, and thus it was considered as a suitable reference
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Table 2.6: Experimental details of the single crystal X-ray data collection on
Ni3Si2.
Crystal data
Chemical formula Ni3Si2
Crystal system, space group Orthorhombic, Cmcm
a, b, c (Å) 12.2174(9), 10.8014(7), 6.9222(4)
V (Å3) 913.49(10)
Z 16
λ (Å) (Mo Kα) 0.71073
Specimen size (mm3) 0.101× 0.065× 0.044
Density (g·cm−3) 6.7547
µ (mm−1) 25.099

Data collection
Temperature (◦C) 25.00(10)
hmax kmax lmax 15 14 9
Resolution (Å) 0.7280
Absorption correction Analytical [CrysAlis Pro [64], based on

crystal shape].
Tmax, Tmin 0.489 0.212
Rint(obs/all) (%) 3.81/3.87
Completeness (%), θfull (◦) 98.00, 28.88
No. of measured, independent and ob-
served reflections [I> 3σ(I)]

7705, 676, 609

Refinement
R1(obs), wR(all), GOF (obs/all)(%) 1.65/2.21, 1.98/2.14, 1.19/1.21
∆ρmax, ∆ρmin (e Å−3) 0.52 -0.58
No. of refined parameters 59

model. Following the same procedure as for Ni2Si, the comparison between the
models obtained by PEDT and SCXRD was performed using ADRA and MDRA.
The parameters used during the dynamical refinement were set to their standard
values, according to the tests performed previously for Ni2Si and other samples
[43]. However, since Rmax

Sg
is the parameter with the largest influence on the results

of the refinement, we decided to test Rmax
Sg

in the interval between 0.2 and 2.0
for Ni3Si2 as well. Fig. 2.7 shows that the behavior of Rmax

Sg
agrees with the

previous results [43], as it gives the minimum ADRA for Rmax
Sg

= 0.4. Hence, the
recommended values were used for all the parameters: Smax

g (refine)=∞, Rmax
Sg

=0.4,

Smax
g (matrix)=0.01 Å−1, Nsteps=128 and g = 2 Å−1. Since the nanowire was lying

almost along the tilt axis, no correction of crystal tilt was used and the thickness
was refined as being the same for all frames.
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Figure 2.7: Average distance to reference atomic position (ADRA) with varying

RSg , where RSg =
|S0

g|
|g|ϕ . Test performed to check the optimal RSg to be used during

the dynamical refinement. The lowest ADRA, for RSg = 0.4, is in agreement with
the results from [43].

Results - crystal structure redetermination

The PEDT data integrated with the kinematical approach had 549 observed re-
flections from the total of 571. The refinement with isotropic atomic displacement
parameters resulted in 28 parameters to be refined. This number of parameters
increased to 59 when the ADPs were refined as anisotropic. The data-to-parameter
ratio was thus 20 and 10 for the models with isotropic and anisotropic ADPs, re-
spectively. The model obtained on this thin nanowire gave good results already
for the kinematical refinement. Nevertheless, an improvement of the model was
observed with the dynamical refinement.

For instance, the kinematical refinement gave R1=17.95 %, which reduced to
8.45 % when the dynamical approach was taken. The distances from the reference
atoms also decreased. ADRAkin=0.01634 Å decreased to ADRAdyn=0.00647 Å
(Table 2.7). Moreover, one atom had negative definite isotropic ADP for the kine-
matical refinement. This number increased to six when the ADPs were refined
as anisotropic. On the other hand, the dynamical refinement resulted in both
isotropic and anisotropic positive definite ADPs (Table 2.8). As for the atomic
positions, the largest difference from the SCXRD model for the kinematical re-
finement was 0.0044 in fractional coordinates. The standard deviations of the
kinematical refinement were higher than 3σ for three of the 17 pairs of atomic
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coordinates compared, with a maximum of 4.0σ (Table 2.9).

Table 2.7: Residue values, atomic distances and ADRA compared to the X-
ray model, for kinematical and full dynamical PEDT refinements (isotropic and
anisotropic atomic displacements) on Ni3Si2.

Parameter Kinematical Kinematical(aniso) Dynamical Dynamical(aniso)

R1(obs) (%) 17.95 17.12 8.45 8.23
wR(all) (%) 21.34 20.03 9.98 9.70

GOF(all) (%) 12.82 12.39 2.22 2.16
Nrefl(obs) 549 549 4681 4681
Nrefl(all) 571 571 8250 8250

Nparameters 28 59 139 170

Distance to the atomic position from the X-ray model (Å)
Ni2-Ni2 0.01088 0.00735 0.00353 0.00310
Ni3-Ni3 0.00933 0.00452 0.00612 0.00598
Ni4-Ni4 0.01324 0.00947 0.01402 0.01538
Ni5-Ni5 0 0 0 0
Ni6-Ni6 0.02121 0.01817 0.01298 0.01321
Ni8-Ni8 0.00106 0.00185 0.00559 0.00639
Si1-Si1 0.03367 0.02742 0.00288 0.00410
Si2-Si2 0.01058 0.01481 0.01386 0.01225
Si4-Si4 0.04820 0.04901 0.00222 0.00294
Si5-Si5 0.01523 0.01493 0.00352 0.00328

ADRA 0.01634 0.01475 0.00647 0.00666

The data from PEDT integrated using the dynamical approach had 8250 re-
flections from which 4681 were observed. The model refined with isotropic ADPs
had 139 structure parameters refined, while the model with anisotropic ADPs had
170 parameters. This gave a data to parameter ratio larger than 25 in both cases.
Only one frame presented a deviation higher than 0.5◦ during the optimization of
the orientation, most likely because of the presence of one reflection with stronger
intensity than the rest. This considerable difference in intensities is known to
cause irregularities during the optimization of the orientation, and this frame was
removed from the data analysis. This procedure was also done for Ni2Si and for
other samples during the tests performed by Palatinus et al. [43].

The recommended values of Smax
g (refine), Rmax

Sg
, Smax

g (matrix), Nsteps and g
resulted in a model with standard deviations within 2 to 5 times that of the
SCXRD. σPEDT=3σSCXRD in average. Five of the 17 pairs of atomic coordinates
compared presented differences larger than 3σ, with the maximum difference of
7.5σ (Table 2.10). Note that for the kinematical refinement three pairs of atomic
coordinates had differences larger than 3σ and the maximum difference was 4.0σ,
but the kinematical refinement resulted in uncertainties around five times larger
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Table 2.8: Atomic displacement parameters of single crystal X-ray diffraction,
dynamical and kinematical refinements against PEDT data on Ni3Si2.

Atom Parameter X-ray PEDT(dynamical) PEDT(kinematical)
Ni2 U11 0.0063(2) 0.0112(10) 0.016(4)

U22 0.0070(2) 0.0069(5) 0.0048(19)
U33 0.0070(2) 0.0065(4) 0.004(2)
U12 -0.00114(13) -0.0007(5) -0.0004(15)
U13 0.00113(13) 0.0014(5) -0.0002(19)
U23 -0.00070(14) -0.0009(3) -0.0008(12)

Ni3 U11 0.0105(3) 0.0176(17) 0.016(5)
U22 0.0089(3) 0.0079(8) -0.001(2)
U33 0.0065(3) 0.0077(6) 0.004(3)
U12 -0.0040(2) -0.0056(7) 0.000(2)
U13 0 0 0
U23 0 0 0

Ni4 U11 0.0076(3) 0.0159(18) 0.014(6)
U22 0.0095(3) 0.0095(7) 0.010(3)
U33 0.0128(3) 0.0142(6) 0.012(3)
U12 0.0037(2) 0.0040(7) 0.003(2)
U13 0 0 0
U23 0 0 0

Ni5 U11 0.0047(3) 0.010(2) 0.013(7)
U22 0.0054(3) 0.0032(10) 0.002(3)
U33 0.0096(4) 0.0122(8) 0.006(4)
U12 0 0 0
U13 0 0 0
U23 0.0002(3) 0.0000(7) -0.001(2)

Ni6 U11 0.0062(3) 0.0100(16) 0.018(5)
U22 0.0060(3) 0.0061(7) 0.000(2)
U33 0.0067(3) 0.0081(5) 0.004(3)
U12 0 0 0
U13 0 0 0
U23 -0.0010(2) 0.0000(5) 0.0041(16)

Ni8 U11 0.0055(4) 0.014(2) 0.015(8)
U22 0.0056(4) 0.0064(11) 0.003(4)
U33 0.0109(4) 0.0129(9) 0.006(4)
U12 0 0 0
U13 0 0 0
U23 0 0 0

Si1 U11 0.0073(5) 0.016(3) 0.014(10)
U22 0.0062(5) 0.0048(13) -0.001(4)
U33 0.0066(5) 0.0033(10) 0.004(5)
U12 -0.0014(4) -0.0013(12) -0.007(4)
U13 0 0 0
U23 0 0 0

Si2 U11 0.0077(4) 0.012(2) 0.020(8)
U22 0.0114(4) 0.0086(10) 0.009(4)
U33 0.0109(5) 0.0151(9) 0.010(4)
U12 0.0024(3) 0.0011(9) 0.001(3)
U13 0.0021(3) 0.0018(10) 0.007(4)
U23 0.0042(3) 0.0055(6) 0.009(3)

Si4 U11 0.0099(8) 0.013(4) 0.020(13)
U22 0.0059(7) 0.007(2) -0.007(5)
U33 0.0065(8) 0.0024(14) -0.005(5)
U12 0 0 0
U13 0 0 0
U23 0 0 0

Si5 U11 0.0135(8) 0.031(5) 0.026(15)
U22 0.0047(7) 0.000(2) -0.012(5)
U33 0.0132(9) 0.0154(18) 0.020(8)
U12 0 0 0
U13 0 0 0
U23 0 0 0
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Table 2.9: Coordinates and difference between atomic coordinates from kinemati-
cal refinement (isotropic ADPs) against PEDT data and from single crystal X-ray
diffraction on Ni3Si2.

Atom Coordinate PEDTkin X-ray Difference Difference/σ

Ni2 x 0.1734(5) 0.17272(3) -0.0007(5) 1.5
y 0.1187(4) 0.11837(3) -0.0003(4) 0.8
z -0.0594(6) -0.06020(6) -0.0008(7) 1.2

Ni3 x 0.1954(7) 0.19610(4) 0.0007(7) 1.0
y 0.2476(5) 0.24800(5) 0.0004(5) 0.8
z 0.25 0.25 0 0

Ni4 x 0.3174(7) 0.31809(4) 0.0007(7) 0.9
y 0.0019(6) 0.00287(5) 0.0009(6) 1.7
z -0.25 -0.25 0 0

Ni5 x 0 0 0 0
y 0 0 0 0
z 0 0 0 0

Ni6 x 0 0 0 0
y 0.2344(5) 0.23414(5) -0.0003(5) 0.5
z 0.0647(8) 0.06170(8) -0.0030(8) 3.6

Ni8 x 0.5 0.5 0 0
y -0.1170(7) -0.11691(6) 0.0001(7) 0.1
z -0.25 -0.25 0 0

Si1 x 0.1190(12) 0.11881(9) -0.0002(12) 0.2
y 0.0609(9) 0.05784(10) -0.0031(9) 3.6
z 0.25 0.25 0 0

Si2 x 0.3495(10) 0.34863(7) -0.0009(10) 0.9
y -0.1581(7) -0.15804(8) -0.0001(7) 0.1
z -0.0413(12) -0.04141(12) -0.0001(12) 0.1

Si4 x 0 0 0 0
y 0.1608(11) 0.15635(14) -0.0044(11) 4.0
z -0.25 -0.25 0 0

Si5 x 0 0 0 0
y 0.4063(12) 0.40773(15) 0.0014(12) 1.2
z 0.25 0.25 0 0

than those obtained by the dynamical refinement. In fractional coordinates, the
dynamical refinement resulted in the largest difference of 0.0010 from the SCXRD
model, while that of the kinematical counterpart was 0.0044.

Neither ADRA nor R1 had significant variation when the ADPs were refined
as anisotropic. ADRA changed from ADRAiso=0.00647 Å to ADRAaniso=0.00666
Å, and R1 decreased from R1

iso=8.45 % to R1
aniso=8.23 % (Table 2.7). The ADPs
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from the dynamical refinement had closer values to those obtained by the SCXRD
than the kinematical refinement (Table 2.8). The agreement between the PEDT
and the SCXRD models can clearly be seen through the overlapping of the models
shown in Fig. 2.8. Hence, the dynamical refinement resulted in a model with
accuracy comparable to that obtained from the SCXRD data.

In order to verify the difference between the actual model using the dynamical
refinement and that of Pilström [63] we decreased the symmetry of the model
from the dynamical refinement with isotropic ADPs to Cmc21 and overlapped it
with the model by Pilström (Fig. 2.9). As a result of the decrease of symmetry,
three out of ten atoms lost the equivalence coming from the center of symmetry.
This lost equivalence generated nine atomic parameters with a correlation larger
than 0.7 during the refinement. The residue values changed only negligibly. R1

changed from R1
iso
Cmcm(obs)=8.45 % to R1

iso
Cmc21

(obs)=8.44 %, while wR went from
wRiso

Cmcm(all)=9.98 % to wRiso
Cmc21

(all)=9.97 %. In fact, no improvement on the
model was achieved with the decrease of symmetry. Hence, the centrosymmetric
space group Cmcm is more appropriate for the description of the model.

An analogous test was performed on the SCXRD model. The SCXRD model
had the symmetry decreased to Cmc21 and it was overlapped with that of the
model by Pilström, in the same way as for the previous case with the dynamical
counterpart. However, the decrease of symmetry gave origin to over 20 parame-
ters with correlation higher than 0.9. Moreover, R1 of this noncentrosymmetric
model increased from R1Cmcm(obs)=1.65 % to R1Cmc21(obs)=1.77 %. This is not
a significant difference, but it clearly indicates that the centrosymmetric model is
the correct one to describe the structure.
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Table 2.10: Coordinates and difference between atomic coordinates from dynamical
refinement (isotropic ADPs) against PEDT data and from single crystal X-ray
diffraction on Ni3Si2.

Atom Coordinate PEDTdyn X-ray Difference Difference/σ

Ni2 x 0.17271(12) 0.17272(3) 0.00001(13) 0.1
y 0.11854(9) 0.11837(3) -0.000168(96) 1.8
z -0.06063(13) -0.06020(6) 0.00043(14) 3.0

Ni3 x 0.19657(19) 0.19610(4) -0.00048(19) 2.5
y 0.24815(13) 0.24800(5) -0.00015(14) 1.1
z 0.25 0.25 0 0

Ni4 x 0.31701(20) 0.31809(4) 0.00107(21) 5.2
y 0.00245(15) 0.00287(5) 0.00042(15) 2.7
z -0.25 -0.25 0 0

Ni5 x 0 0 0 0
y 0 0 0 0
z 0 0 0 0

Ni6 x 0 0 0 0
y 0.23312(13) 0.23414(5) 0.00102(14) 7.5
z 0.06265(20) 0.06170(8) -0.00095(22) 4.4

Ni8 x 0.5 0.5 0 0
y -0.11742(20) -0.11691(6) 0.00051(21) 2.4
z -0.25 -0.25 0 0

Si1 x 0.11893(31) 0.11881(9) -0.00013(32) 0.4
y 0.05806(21) 0.05784(10) -0.00022(23) 1.0
z 0.25 0.25 0 0

Si2 x 0.34971(24) 0.34863(7) -0.00107(25) 4.4
y -0.15769(16) -0.15804(8) -0.00036(17) 2.0
z -0.04126(25) -0.04141(12) -0.00016(28) 0.6

Si4 x 0 0 0 0
y 0.15655(31) 0.15635(14) -0.00020(35) 0.6
z -0.25 -0.25 0 0

Si5 x 0 0 0 0
y 0.40741(33) 0.40773(15) 0.00032(36) 0.9
z 0.25 0.25 0 0
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Figure 2.8: Models from the PEDT (dynamical refinement) and SCXRD super-
posed. Atoms in blue and gray are from PEDT model, and atoms in red and green
are from the SCRXD model. The image was generated with the software for crys-
tal structure visualization Diamond [66] and only pairs of atoms with difference
in atomic positions higher than 0.01 Å are visible as displaced from each other
(two collors). For difference lower than 0.01 Å, atoms from the model obtained by
PEDT are shown. The ellipsoid model has 30 % of probability.
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Figure 2.9: Superposition of the models from PEDT Cmc21 (blue and gray),
obtained by the transformation of the model Cmcm with dynamical refinement
(without refinement after the transformation), and Cmc21 by Pilström [63] (red
and green). The model by Pilström was shifted by -0.03323 along c (the average
shift between the two models), in order to have the best overlap between the
models.
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3. Incommensurately modulated
structures of Cu3+xSi

Following the development of the dynamical refinement, we aimed to apply it for
an unknown structure. Several single crystals of Cu3+xSi were measured by pre-
cession electron diffraction tomography. A complex incommensurately modulation
was observed, containing a large number of independent atoms. However, the dy-
namical refinement is not completely developed for aperiodic structures and the
supercell approximation with a high number of independent atoms would take a
very long time to perform the dynamical refinement, according to the tests per-
formed with the dynamical refinement [43]. Hence, the dynamical refinement was
not an available option to refine the model using neither the superspace formalism
nor the supercell approximation. Therefore, single crystal X-ray diffraction was
measured as a function of temperature (see section 3.4.1). In order to identify
which phases were present at which temperature ranges, a temperature dependent
PXRD was also measured (see section 3.4.6). In this chapter we will present two of
the incommensurately modulated structures of Cu3+xSi and the powder indexing
of the phases observed at higher temperatures.

3.1 Modulated structures

According to T. Jansen, aperiodic crystals have been observed since 1960 [67, p. 2].
One group of aperiodic crystals are the so called modulated structures [68, p. 5].

Periodic crystals are described by the translation of the basic unit cell in space,
in which the atoms occupy positions that are uniquely described in terms of rela-
tive coordinates in relation to the unit cell. A modulation might be interpreted as a
perturbation of one or more of the atomic parameters (position, thermal displace-
ment, site occupancy) in relation to the periodic crystal. The difference between
a periodic and an aperiodic crystal is observed on their diffraction patterns.

The diffraction pattern of a periodic crystal can be completely indexed using
a linear combination of three independent vectors (a∗1, a

∗
2, a
∗
3)

H =
3∑
i=1

hia
∗
i , (3.1)

where hi are integer reflection indices. Here, the reciprocal lattice vectors a∗i
are related to the direct lattice vectors ai by

a∗i .aj = δij(i, j) i, j = 1, 2, 3. (3.2)
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An aperiodic crystal exhibits a more complex diffraction pattern, presenting
main reflections on the nodes of the reciprocal lattice (Fig. 3.1 (a)) and satellite
reflections orbiting the main ones (Fig. 3.1 (b)).

a*

a*

(a)

1

2

a*

a*2

1

(b)

q1
q2

a*3 a*3

Figure 3.1: Diffraction pattern of a (3+2)-dimensional incommensurately modu-
lated structure. (a) The main reflections indexed by the three vectors (a∗1, a

∗
2, a
∗
3)

of the basic unit cell, a∗3 pointing out of the plane , and (b) the satellite reflections,
which cannot be indexed by the vectors defining the basic unit cell, are indexed
by the modulation vectors m1q1 and m2q2. Here, the maximum value of m1 and
m2 is 1, which means that only first order satellites are observed.

The complete diffraction pattern of an aperiodic crystal needs more than three
vectors to be described (Fig. 3.1 (b)) and the superspace formalism is used, which
elegantly restores the translational symmetry of modulated structures [69, 70, 71,
72] (Fig. 3.3)

H =
3∑
i=1

hia
∗
i +

d∑
j=1

mjqj =
n∑
i=1

hia
∗
i ; n > 3; hi integers [36, p. 908]. (3.3)

Here, qj =
∑3

i=1 αjia
∗
i is the modulation vector used for indexing the satellites

(Fig. 3.1 (c)) and mj is the order of the satellites. If all αji are rational numbers,
the modulation vector has the components as a rational multiple of the reciprocal
basic unit cell and the structure is commensurately modulated. If at least one of
the αji is an irrational number, the structure is called incommensurately modulated
[73]. The order of the satellites for the trigonal system is defined by the concept
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of concentric stars from applied group theory. One star, or one order of satellites,
is defined by satellites within the same distance to the main reflection and which
are related by symmetry. Satellites belonging to one order form one star around
the main reflection (Fig. 3.2). The higher the order of the satellites, the weaker
intensities they have. If m = 0, only the main reflections are present, which is the
non-modulated case.

(0,1)

(-1,-1)

(2,0)

(0,2)

(-2,-2)

(1,-1)

(1,2)

(-2,-1)

(1,0)

Figure 3.2: The concept of “star” to describe the order of satellites in trigonal
system for (3+2)D modulated structures. Satellites related by symmetry and
withing the same distance from the main reflection form one star and are grouped
in the same order of satellite.

The reciprocal lattice in the periodic (3+d) dimensional superspace is defined
as a function of the reciprocal lattice in the three-dimensional space and the vectors
b∗j of the superspace, which are perpendicular to the real three-dimensional space
(R∗) as [68, p. 28] 

A∗i = a∗i i = 1, 2, 3

A∗3+j = b∗j + qj j = 1, . . . , d.
(3.4)

Since the higher dimensions have no physical meaning, b∗j can be defined as
an unitary vector. The angle between the vectors b∗j depends on the modulation
vectors and thus b∗js are not necessarily orthogonal between them (for d ≥ 2). The
angle between the axes A∗i s can be obtained by replacing the components A∗i s in
function of the three-dimensional space and the vectors b∗j of the superspace in the
metric tensor G in the superspace. The reciprocal metric tensor is shown below
for a (3+2) dimensions:
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 . (3.5)

Analogously to the three-dimensional case, the relation between the reciprocal
and the direct lattice vectors is given by

A∗i .Aj = δij(i, j) i, j = 1, . . . , d. (3.6)

R*

a*=1 A*
1

b1

q

A*
4

2q

Figure 3.3: Indexed diffraction pattern (along the black line) of a hypothetical
(3+1)D modulated structure. The recovery of the translational periodicity is ob-
tained by using the superspace (shown in dotted lines). The satellite reflections in
the reciprocal three-dimensional space (R∗) are the projections of the reflections
along b∗1. A∗1 is given by the sum of b1 and the modulation vector q (Eq. 3.4).
The sattelites are shown up to second order (m = 2).

Since the use of the superspace formalism recovers the translational symmetry
of the structure, symmetry operations can be used in a generalized form in the
superspace, allowing one to define the superspace groups and use all the crystallo-
graphic procedures available for the three-dimensional crystal structure determi-
nation.
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An alternative to the superspace is the supercell approximation, when αji is
approximated by a rational value αji =

pji
si

, where pji and si are integers, and
an unit cell is chosen with dimensions so that the components of the rational q
are integers. The (3+d)-dimensional indexing of the diffraction pattern is thus
transformed to

H =
3∑
i=1

a∗i

d∑
j=1

(sihi + pjimj), (3.7)

and the supercell in the real space is given by

asci =
3∑
i=1

aisi. (3.8)

Since the supercell is a three-dimensional standard unit cell, the methodology
used for periodic crystals is used normally.

3.2 The system Cu3+xSi

Copper silicides are used as contact between copper conductors and silicon and as
interconnect in electronic devices [74, 75]. The use of copper enhances the electrical
properties of semiconductors and enables the decreased dimensions of circuitry [47,
p. 35]. However, the diffusion of copper in silicon develops higher resistivity and
it was found to be a dominant problem, requiring the use of diffusion barriers [76].
Aiming to better understand and improve the reactions and properties of copper
silicides, a large number of studies on physical and chemical properties and on the
growth behavior has been reported [77, 78, 79].

The binary phase diagram Cu-Si (Fig. 3.4 (a)) has been investigated for some
decades [80, 81, 82] and it is accepted as well established. The low temperature
region of the phase diagram has three stable phases, according to Olesinski [80]: η′′,
ε and γ. η′′ is the phase present within 75.5 – 76.5 at % Cu, and its composition can
be written as Cu3+xSi. η′′ transforms to η′ and η with increasing temperature. The
transitions between these Cu3+xSi phases depend on the composition, following
from η′′ to η′ at 467 ◦C and 570 ◦C, and from η′ to η at 558 ◦C and 620 ◦C, for the
silicon- and copper-richest sides, respectively. The congruent melt occurs at 859
◦C. These phase compositions were assigned as being 1 at. % Si richer by Sufryd
et al. [81], while the computed model of the phase diagrams by W. Gierlotka
and M. A. Haque [83] and by Hallstedt et al. [84] present the three phases as
line field compounds with a different composition of 0.5 at % Cu (Fig. 3.4 (b)).
These computed phase diagrams contain a coexistence of two phases for a range of
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temperature: η′′ with η′ from around 476 ◦C to 549 ◦C, and η′ with η from around
558 ◦C to 615 ◦C.
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Figure 3.4: Cu-Si phase diagram in the vicinity of Cu3+xSi according to (a) R.
W. Olesinski and G. J. Abbaschian [80]. (b) Computed model of the Cu-Si phase
diagram, by according to W. Gierlotka and M. A. Haque [83] and by Hallstedt et
al. [84].

There were several attempts to obtain the crystal structure of the three poly-
morphs of Cu3+xSi [85, 86, 26], but there are still considerable uncertainties con-
cerning these structures.

The first attempt was done by J. K. Solberg [85], who performed electron
diffraction analysis of oriented patterns on a Czochralski-grown crystal of Cu3+xSi
precipitates in a Si matrix. Solberg [85] interpreted η as a disordered b.c.c model,
space group R3m with a = 2.47 Å, α=109.74◦, with composition Cu3Si. η′ was
interpreted as an ordered superstructure of η, space group R3 with a = 4.72 Å,
α=95.7◦. η′′ was interpreted as a long-period superlattice of η′, unit cell parameters
a = 76.76 Å, b = 7.00 Å, c = 21.94 Å, α = β = γ = 90◦. The observed diffraction
pattern of η′′ was complex and it could only be indexed with three twins related
by rotation of 120◦ around [001]∗η′′ .

This model was refuted in 2007, when Mattern et al. [87] and C. Wen and
F. Spaepen [86] independently proposed a new model for the structure of the η
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phase. The new η model has trigonal unit cell, lattice parameters a ≈ 4.1 Å and
c ≈ 7.3 Å, and space group symmetry P3m1. Mattern et al. [87] performed
powder diffraction on quenched samples, while Wen and Spaepen [86] investigated
a thin film consisting of precipitated nanocrystals smaller than 50 nm in silicon
crystals by high-temperature electron diffraction. Their trigonal model indicates
the composition Cu7Si2, which differs from the true composition (Cu76Si24). The
composition mismatch was assumed to originate from the presence of vacancies or
mixed occupancy of some sites in the structure. The electron diffraction patterns
presented satellite reflections, which were interpreted as the result of chemical
ordering between the vacancies and the Cu and Si atoms. The observed phases
were identified as η′ and η, and the low temperature η′′ was not observed.

Comparing the models from Solberg [85] represented in the hexagonal settings
(a = 4.04 Å, c = 2.44 Å) with the one by Mattern et al. [87] and Wen and
Spaepen [86] (a ≈ 4.1 Å c ≈ 7.3 Å) the difference between these η models is that
η by Solberg [85] has shorter c axis than that by Mattern et al. [87] and Wen and
Spaepen [86]. The atomic positions and composition are also different.

The only structure determined so far is that of η′ phase, which was elucidated by
Palatinus et al. [26] using electron diffraction tomography data of a Cu3+x(Si,Ge)
nanoplatelets. It was shown that the unit cell found by Mattern et al. [87] and
C. Wen and F. Spaepen [86] is in fact the basic unit cell of an incommensurately
modulated structure. The model by Palatinus et al. [26] described in the trigonal
unit cell a = 4.1084 Å, c = 7.05 Å has basic space group P31m with two modu-
lation vectors: q1 = (α, α, 1/3) and q2 = (−2α, α, 1/3), α ≈ 0.25, instead of the
space group P3m1 suggested by Mattern et al. [87] and C. Wen and F. Spaepen
[86]. This model of η′ by Palatinus et al. has equivalent c axis to that from Solberg
[85], but different atomic positions and composition when compared to the models
by Mattern et al. [87] and Wen and Spaepen [86]. The structure by Palatinus et
al. contains six layers from which four are symmetry independent. It is similar to
η′′ presented here (see section 3.4.3), with the same distribution of clusters on the
modulated layer, but with half the length of the c axis of η′′ due to the disordered
D layer [88]. The modulation of η′ by Palatinus et al. [26] was found to be a
complicated positional modulation of one Cu layer, and not the chemical ordering
of Cu and Si atoms, as indicated previously by Mattern et al. [87] and C. Wen
and F. Spaepen [86]. So far, η and η′′ remain essentially unknown.
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3.3 Experimental

3.3.1 Sample preparation

Ingots of Cu3+xSi of nominal composition Cu74Si26, Cu76Si24 and Cu78Si22 (here-
after called sample Cu74, Cu76 and Cu78, respectively) were prepared from pure
elements (purity 99.99 %) by arc melting under argon atmosphere in Edmund-
Bühler MAM-1 furnace. Samples were annealed during 24 hours in a tube furnace
at 650 ◦C and slowly cooled to room temperature within 6 hours under argon
atmosphere to ensure homogenization.

3.3.2 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS) was used to verify the chemical com-
position of the samples. EDS is performed in a scanning electron microscope,
where the voltage is used so that the incident electron beam provides enough en-
ergy to excite an electron sitting in an inner shell of the atom, which was initially
in the ground state. The excited electron is ejected, leaving an electron hole on
the inner shell. An electron from a higher energy shell might thus transition to
the lower-energy shell, filling the electron hole and emitting the difference of en-
ergy as radiation. Since the difference of energy between the shells depends on
the element, the emitted radiation will be characteristic for the element. The re-
leased characteristic X-ray can be measured by an energy-dispersive spectrometer,
allowing to identify the chemical composition of the sample [89, p.185].

A microscope Tescan FERA 3 with EDAX Octane 80 mm2 detector was used
to verify the composition of the bulk samples.

3.3.3 Temperature-dependent single crystal X-ray diffrac-
tion

Sample Cu76 was the one selected for the temperature-dependent single crystal
X-ray diffraction (TD-SCXRD), because it is in the center of the stability field
of Cu3+xSi. A single crystal was selected from the crushed bulk sample. The
SCXRD was performed in a KappaCCD (Bruker-Nonius) four-circle diffractometer
equipped with an Apex2 CCD detector, using Mo Kα radiation produced with a
microfocus Incoatec IµS sealed X-ray tube. The Cyberstar gas blower system was
used for the high-temperature data collections. The measurement was performed
as a function of the temperature. For that, the crystal was mounted inside a quartz
capillary, with a quartz needle fixing the crystal position to prevent movements
during the heating. The sample-detector distance used was 60 mm to decrease the
obstruction near the sample due to the gas blower apparatus. To avoid collisions
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or a direct contact of the gas flow with the detector, the position of the detector
was fixed to 2θ=-30◦, away from the path of the gas flow. This fixed position
leads to the observation of reflections up to 2θmax=60.5◦. Each data collection
comprised 3 large φ scans of 360◦ for 3 different χ values (-30◦, 0◦, 60◦) and ω=-
60◦. The frame angle and the exposure time have been set to 0.5◦ and 10 s/◦.
The measurement was performed starting from room temperature, then heating
to the desired temperature with heat rate of 5 ◦C/min, the sample temperature
was homogenized during 30 minutes, and finally the data collection was performed
at temperatures which were expected to belong to each phase within the phase-
field Cu3+xSi. A finer sampling was performed in the high-temperature field. The
temperatures were: 120 ◦C, 320 ◦C, 470 ◦C, 520 ◦C, 570 ◦C, 620 ◦C, and 720 ◦C.

3.3.4 Temperature-dependent powder X-ray diffraction

Differently from the single crystal measurements, the composition of the samples
for the temperature-dependent powder X-ray diffraction (TD-PXRD) measure-
ment were selected to lie outside the stability region of Cu3+xSi. The reason is
that Cu3+xSi should be in equilibrium with the neighboring phases in the phase
diagram, which could be used as reference to observe the unit cell expansion with
increasing temperature. The neighboring phases are Si for the sample Cu74 and
ε for the Cu78. Bulk samples were crashed, ground and sieved with a 50 µm net.
TD-PXRD was performed in collaboration with Morgane Poupon on a Rigaku
Smartlab in Bragg-Brentano geometry using Cu Kα radiation (λ = 1.54051 Å),
germanium Johansson monochromator, and detector D/teX Ultra 250. A high
temperature chamber Anton-Paar HTK 1200N was used to heat the sample. The
scan range was from 2θ = 15◦ to 2θ = 110◦ with speed of 1◦/min. The heating
rate was 5 ◦C/min under vacuum. Scans were performed at every 30 ◦C, from 30
◦C to 700 ◦C, with a more detailed analysis within 480 ◦C and 525 ◦C on sample
Cu74, where steps of 5 ◦C were used, instead. Two cycles of heating and cooling
were performed to verify the reversibility of the transitions.

Powder patterns were indexed and fitted using a combination of manual back-
ground and 15 terms of Legendre polynomials. The fitting was performed using le
Bail algorithm with pseudo-Voigt profile. Two steps were used for the profile fit-
ting. In the first step, the main reflections were indexed using the cyclic refinement
available in Jana2006. In the approach, the refined parameters of the first pattern
are used as the initial values for the refinement of the next pattern. This procedure
continues until the last pattern. In the second step of the refinement, each of these
patterns resulting from the cyclic refinement was analyzed individually, when the
modulation vectors were included in the refinement.

For the refinement of the sample Cu74, the Si peaks were initially refined
separately in order to verify the expansion of the unit cell and the calibration of
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the equipment. The Si peaks present in the sample Cu74 were much weaker than
those of the Cu3+xSi phase and did not change intensity within the whole data
collection. Hence, they were not included in the le Bail fit of the Cu3+xSi phases.
Instead, these Si peaks were excluded from the diffractogram, being neglected
during the indexing and refinement processes.

On the other hand, the sample Cu78 contains an expressive amount of the
ε phase. Hence, it was refined together with the Cu3+xSi phases for all the
temperature-dependent patterns. The ε phase was indexed using the model by
F. R. Morral and A. Westgren [90], available on the Inorganic Crystal Structure
Database (ICSD) [91].

3.4 Results and discussion

3.4.1 Crystal structures

Two structures were solved with the data from TD-SCXRD. Both are incommen-
surately modulated, with two modulation vectors and almost identical average
structures. The first one is the phase stable at room temperature and it was ob-
served for the first time during the development of this thesis. It was named η′′′

phase, following the naming of the phase diagram. η′′′ was observed in the data
sets measured at 120 ◦C and 320 ◦C. The second structure solved is η′′, which was
observed in all the data sets measured above 470 ◦C. Surprisingly, no phase trans-
formation to η′ phase was observed up to the highest measured temperature (720
◦C). The structure analysis of the η′′′ and η′′ phases revealed a close relationship
to the phase η′ [26].

3.4.2 Average structure

η′′′ and η′′ have similar average crystal structures and only that of η′′′ will be de-
scribed here. The data was measured at 120 ◦C, and only the main reflections
were imported to Jana2006 for the solution of the average structure, which was
performed by Superflip [45]. The crystal structure was refined in Jana2006. De-
tails concerning the refinement of the average structure are summarized in Table
3.1. The main reflections could be indexed in a hexagonal unit cell with parame-
ters a = 4.0700(3) Å, c = 14.6848(7) Å and it can be described in the space group
P63/mmc. The complete diffraction pattern, including the satellites, presents
point group 3. Neglected information from the satellites during the solution is
known to create uncertainties in the whole model [92]. Indeed, a strong modu-
lation is exhibited in the average structure by large anisotropic displacement pa-
rameters. Nevertheless, the refinement of the average structure yielded a relatively

53



low residue value, R1(obs)=5.13 %.
The average structure has twelve stacked layers along [001], from which four are

symmetrically independent (Fig. 3.5): one hexagonal layer with one Si atom per
unit cell (layer A), one layer with two Cu atoms per unit cell disposed in honeycomb
geometry, which is the most strongly modulated one (layer B), one hexagonal layer
with one Cu atom per unit cell (layer C) and one honeycomb layer with regularly
alternating Cu and Si atoms (layer D). The atomic alternation of Cu and Si on the
honeycomb layer D is clearly observed on the Fourier map (Fig. 3.6(a)), while the
Fourier maps from layers A and C show densities indicating either only Si or Cu
(Fig. 3.6(b)). The strong modulation of the layer B is demonstrated in the average
structure by very anisotropic distribution of electron density around the average
position of the Cu atoms in the layer (Fig. 3.7). This density arising from the
modulation was modeled by splitting of the two Cu atoms (Fig. 3.7) with freely
refined occupancies. The refinement yielded the total composition of Cu76.74Si23.26,
which is close to the nominal composition during the sample preparation Cu76Si24.

(a) (b)

A B CDCB A B CDCB A

η’’’ supercell
η’’ supercell

η’’’ superspace
η’’ superspace

Figure 3.5: The average structure of η′′ and η′′′. (a) The average structure of η′′′

viewed along c and (b) three unit cells of the average structure viewed along a,
corresponding to one unit cell of the supercell approximation. Letters A to D label
different layer types. Bars with labels η′′-superspace, η′′′-superspace, η′′-supercell,
and η′′′-supercell outline the symmetry independent parts of the structure for each
model.

3.4.3 Modulated structure of η′′-Cu3+xSi

The structure of η′′ proved to be less complex than that of η′′′. Hence, η′′ will be
described first and will be used as a reference to verify the correctness of η′′′.

η′′ was identified in all the data collections above 470 ◦C. This measurement
collected at 470 ◦C was used for the structure solution of this phase. The com-
plete diffraction pattern could be indexed in a trigonal unit cell a=4.0612(4)
Å and c=14.672(2) Å with two modulation vectors q1 = (α, α, 1/3) and q2 =
(−2α, α, 1/3), α = 0.2509(10) in a (3+2)-dimensional indexing. Since α is equal
to 1/4 within its experimental accuracy, one might consider to round its value
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Table 3.1: Crystallographic data on the refinement of average structure of η′′′-
Cu3+xSi.

Chemical formula Cu3.30Si
Crystal system, space group Hexagonal, P63/mmc No. 194
a, c (Å) 4.0700(3), 14.6848(7)
V (Å3) 210.66(2)
Z 4
Density (g·cm−3) 7.4934
Data collection
Diffractometer KappaCCD (Bruker-Nonius), Incoatec IµS
λ (Å) (Mo Kα) 0.71073
Data collection method φ scans
θmin, θmax 4.16, 29.12
Rint(obs/all) (%) 1.35/1.73
Completeness (%), θfull (◦) 99.5, 29.12
hmin hmax kmin kmax lmin lmax -5 5 -5 5 -20 19
Temperature (◦C) 120
Specimen size (mm3) 0.088× 0.126× 0.157
Crystal form, colour irregular, metallic grey
µ (mm−1) 33.035
Tmin, Tmax 0.420, 0.746
No. of measured main reflections 1956
No. of independent reflections 393
No. of observed main reflections 273
Condition for observed reflections I > 3σ(I)
Refinement F
Weighting w = (σ2(F ) + 0.0001F 2)−1

R1, wR, GOF (obs/all) (%) 5.13/7.37, 5.52/5.74, 3.10/2.64
No. of parameters refined 30
∆ρmax, ∆ρmin (e·Å−3) 0.72 -1.08
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Figure 3.6: (a) Fourier map of the honeycomb layer D showing alternating Cu and
Si densities, while (b) shows the layer C, containing Cu densities, only.

a

b

c

Figure 3.7: View along c of the electron density in layer B of the average struc-
ture of η′′′-Cu3+xSi (yellow isosurface, level 7 e/Å3). The spheres are the average
positions of Cu atoms, the red elongated ellipsoids are additional copper atoms
refined to model the distribution of the copper atoms in the unit cell due to the
strong modulation of this layer. Atoms have partial occupancies, ellipsoids shown
at 50 % probability level.

and the modulation would be commensurate. However, our results on powder
diffraction investigation (see section 3.4.7) unquestionably showed that α value
varies as a function of temperature and, in fact, it does not converge to a com-
mensurate value. Therefore, the structure should be considered incommensurately
modulated.
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Using the concept of stars for the order of satellites (Section 3.1), only first
order satellites of the type hkl10 and satellites with mixed indices hkl11 (and the
symmetry equivalent ones) were considered as observed, with sufficiently strong
intensities (I > 3σ) to be used in the structure solution and refinement procedures.
Less than 4 % of the second order satellites of the type hkl20 had I > 3σ. The
symmetry of the pattern and the systematic absences indicated the space group
P31c(α, α, 1/3)(−2α, α, 1/3) or its non-centrosymmetric subgroup. The structure
was solved using the superspace formalism by Superflip in (3+2)-dimensions, which
confirmed the space group P31c(α, α, 1/3)(−2α, α, 1/3).

The solution in the superspace had the electron density map with most atoms
well defined. An investigation of the layers shows that the strongest modulated
layers (layers B) have the modulation with an amplitude comparable to the size
of the unit cell. In one of the B-type layers there is a ring of electron density
around positions (0,0,z) (Fig. 3.8). These rings correspond to a discontinuity in
the modulation function and a small shift of the phases t and u of the modulation
leads to the transformation of the ring of density into a pentagon. All the six
orientations of the pentagon are simultaneously present in the point t = 0, u = 0,
in agreement with the 6-fold symmetry of the superspace axis A∗3 with the axes
A∗4 and A∗5.

Fig. 3.9 shows the density of the modulated layer B (at x3 from 0.13 to 0.15)
constructed by projecting the coordinate x1 between 0 and 0.98 and plotting the
coordinate x2 as a function of the coordinates x4 and x5 of the superspace. This
construction of the layer B shows that the amplitude of the modulation sweeps
the whole unit cell, and that the modulation contains not only discontinuities, but
also windows.

The only crystallographic software dealing with modulated structures in (3+2)-
dimensions is Jana2006 [93], which offers harmonic and discontinuous functions
(Crenel, saw-tooth and zig-zag) for the description of the electron density of mod-
ulated structures. In our case, the complexity of this modulation and the small
number of observed reflections make this density impossible to be parametrized
with a combination of the available functions, so that it could be refined using the
superspace formalism. Consequently, the only viable way to describe the structure
is to use a supercell approximation.

Given that α is roughly 1/4, a supercell approximation can be used with a 4×
4×3 supercell. The supercell approximation was performed in an alternative way:
The solution was performed using the superspace formalism and the components of
the modulation vectors were rounded to the smallest possible commensurate value,
giving a commensurate modulated model. The solution in the superspace was
saved and used in two ways. In the first one, the Fourier map of this commensurate
modulated model was calculated with the intended supercell dimensions (x1 and
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Figure 3.8: (a) Electron density in the vicinity of the point (0,0,0.14) in the su-
perspace electron density of η′′. The continuous ring of density at t = 0, u = 0
(central panel) is a superposition of six pentagons at various orientations. The pen-
tagons are resolved at t,u-sections slightly shifted from 0 (six panels surrounding
the central panel).
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Figure 3.9: View of the density of the modulated layer B of η′′. The surface shows
the density along the coordinate x2 as a function of the coordinates x4 and x5.
The 5D superspace density was projected along x1 in the interval from 0 to 0.98
and along x3 from 0.13 to 0.15 to obtain a three-dimensional representation of the
extremely complex modulation function of atoms in layer B.

x2 from 0 to 3.98 in steps of 0.02), and this Fourier map was interpreted by the
program Electron Density Map Analysis (EDMA) [94] to find the positions of these
atomic densities of the Fourier map. EDMA uses a discrete electron density map as
input and extracts topological properties of the electron density as a function of the
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space coordinates. In the second version, the commensurate approximated model
was transformed to a supercell in the standard way. The supercell approximation
is performed by transforming the (3+2)D reflection indices to the 3D supercell
description using the relationships hsc = 4h + m − 2n,ksc = 4k + m + n,lsc =
3l +m+ n. The space group of the supercell becomes P 3̄1c. The model with the
atomic positions from the Fourier map in the superspace formalism interpreted by
EDMA was imported to Jana2006.

The commensurate approach is only an approximation and there is a misfit
between the positions of the satellites and the grid of the supercell lattice. This
misfit generates a deformation of the reciprocal space, from which one of the con-
sequences is the splitting of atoms. Split atoms from the interpretation of EDMA
could be identified by the occurrence of very short distances between them (typi-
cally distances smaller than 0.1 Å) and their positions were adjusted accordingly,
in case of splitting around a special position.

The density of the six orientations of the pentagon which are simultaneously
present in the point t = 0, u = 0 was modeled by a supersposition of six Cu5

pentagons rotated by 30◦ with respect to each other (Fig. 3.8). Note, however,
that this is an artifact of the supercell approximation and that in the real, incom-
mensurately modulated structure model, this situation occurs only along one line
in the whole crystal, not once per unit cell. This initial model with the atomic
positions from EDMA was used for the refinement.

The model contains 81 independent atoms, giving a total of 280 refinable pa-
rameters if each atom would be refined independently. The data set contains only
624 observed reflections, which results in a very low data to refined parameter
ratio. The way around it was to create two models which could be refined and
compared. For both models all atoms of the same chemical species and belonging
to the same layer type were restricted to have the same displacement parameter.
The first model, denominated the fixed model, had all coordinates fixed to the
values obtained from the solution. This fixed model had six refinable parameters,
namely five isotropic displacement parameters and one overall scale factor. In the
second model, the free model, the coordinates of all atoms were freely refined.
The free model contains 202 refinable parameters. The free model contains 24.7
reflections per parameter when all the reflections are considered, but this ration
decreases to 3.1 if only the observed reflections are counted. Details from the
refinement of both models are summarized in Table 3.2.

Comparing the fixed and the free models, the average distance between equiv-
alent atoms of both models is 0.197 Å and the maximum distance is 0.388 Å.
The fixed model has higher R-value, R1(obs)=15.03 % against 6.75 % for the free
model, but the fixed model appears to be better than the free counterpart. This
is clearly seen in the geometry of the honeycomb layers (Fig. 3.10), which are
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Table 3.2: Refinement details for the fixed and free model of the η′′ phase and of
the fixed model of η′′′.
phase η′′ η′′′

structure model fixed free fixed
Chemical formula Cu3.31Si Cu3.31Si

Superspace description
a, c (Å) 4.0612(4), 14.6723(28) 4.0700(3), 14.6848(7)
V (Å3) 209.57(4) 210.66(2)
modulation vector (0.2509(10), 0.2509(10), 1/3) (0.2783(10), 0.2068(10),1/3)
superspace group P31c(α, α, 1/3)(−2α, α, 1/3) P3(α, β, 1/3)(−α− β, α, 1/3)

Supercell description
a, c (Å) 16.2448(4), 44.017(8) 56.9800(3), 44.055(2)
V (Å3) 10060(2) 123870(6)
Z 192 2352
Calculated density (g·cm−3) 7.563 7.519
space group P31c No. 163 P3 No. 147
Data collection
Diffractometer KappaCCD (Bruker-Nonius) with Incoatec IµS
λ (Å) (Mo Kα) 0.71073
Data collection method φ scans
θmin, θmax 2.67, 30.39 2.03, 29.25
Resolution (Å) 0.708 0.733
Rint(obs/all) (%) 9.68/24.02 7.92/13.88
Temperature (◦C) 470 120
Specimen size (mm3) 0.088× 0.126× 0.157
Crystal form, colour irregular, grey
µ (mm−1) 33.35 33.35
Tmin, Tmax 0.420, 0.746 0.420,0.746
No. of measured reflections 25292 25518
No. of independent reflections 4996 4920
Condition for observed reflections I > 3σ(I)
No. of observed reflections 624 1471
Refinement F
Weighting w = (σ2(F ) + 0.0001F 2)−1

R1 (obs/all) (%) 15.03/54.48 6.75/65.62 11.92/26.13
wR (obs/all) (%) 14.68/15.93 5.48/7.76 13.08/13.66
GOF (obs/all) (%) 6.12/2.35 2.75/1.16 5.11/2.93
No. of parameters refined 6 202 6
∆ρmax, ∆ρmin (e·Å−3) 13.76, -14.71 10.18, -10.91 12.91, -17.54

more distorted in the free model, and in the values of the interatomic distances
and atomic displacement parameters. A search in the ICSD (Inorganic Crystal
Structure Database) [91] for intermetallic compounds containing Cu and Si shows
that hardly ever the Cu-Cu distances and the Cu-Si distances are shorter than
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2.30 Å. While the fixed model has the shortest Cu-Cu and Cu-Si distances of 2.34
Å and 2.29 Å, respectively, in the free model 31 distances are shorted than 2.3 Å,
the shortest ones being 2.19 Å for Cu-Cu and 2.05 Å for Cu-si.

(a) (b)

Figure 3.10: Layer D in η′′ obtained from (a) the structure solution (i.e. the fixed
model) and (b) refined free model. Note the regular honeycomb geometry in (a)
and the apparent distortion in (b).

As for the ADPs, while the fixed model had all positive definite APDs, one of
the five refined ADPs of the free model became negative.

It is reasonable to assume that the correct structure model stands in between
the free and fixed models. However, the most representative model of the true
structure is the fixed model, i.e. the model with atomic coordinates obtained
directly from the structure solution. The reasons why are the more realistic inter-
atomic bonds and atomic displacement parameters, and the less distorted honey-
comb layers of the fixed model.

3.4.4 Modulated structure of η′′′-Cu3+xSi

The structure of η′′′ was elucidated from the data set collected at 120 ◦C. Like for
η′′, the diffraction pattern of η′′′ could be indexed with (3+2)-dimensional indexing
in a trigonal unit cell a = 4.0700(3) Å and c = 14.685(2) Å. Interestingly, the unit
cell of η′′′, which was measured at lower temperature, has larger volume than that
of η′′, measured at higher temperatures (η′′, obtained at 470◦, has a=4.0612(4) Å
and c=14.672(2) Å). Note that the contraction of the unit cell volume was observed
in the TD-PXRD measurements (Section 3.4.7), but not during the transition from
η′′′ to η′′. Further investigation is necessary to verify if the unit cell volume con-
tracts during this transition. The modulation vectors for η′′′ were q1 = (α, β, 1/3)
and q2 = (−α − β, α, 1/3), α = 0.2783(10), β = 0.2068(10). Since β 6= α, the
modulation vector does not run along the diagonal of the reciprocal unit cell, but
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it is slightly off-diagonal (Fig. 3.11), while in η′′ it was along the diagonal. Thus,
the point group of the diffraction pattern decreases in symmetry to 3 and the
only possible space group is P3(α, β, 1/3)(−α− β, α, 1/3) or its subgroups. 37 %
of first order satellites of the type hkl10, and 16 % of the type hkl11 (and the
symmetrically equivalent ones) were observed with enough intensities to be used
in the analysis. Second order satellites of the type hkl20 were also observed, but
since only 11 % of these satellites had intensity over 3σ, these satellites were not
used in the refinement.

- -
02211

1110101110

(a) (b)

a*

b*

Figure 3.11: Section (hk1.333) of the diffraction pattern of (a) η′′ and (b) η′′′. Point
0 0 1.33 in lower left corner of each panel. Lines outline the basic reciprocal lattice.
Indices of three satellites are shown in (a). Note the rotation of the triangles of
satellites in (b) compared to (a), which is the consequence of the rotation of the
modulation vector away from the diagonal direction.

The structure of η′′′ was also solved in the (3+2)D superspace. Fig. 3.12 shows
the density of the modulated layer B (at x3 from 0.13 to 0.15) constructed as
for η′′, with the coordinate x2 as a function of the coordinates x4 and x5 of the
superspace, and the coordinate x1 projected between 0 and 0.98.

As for η′′, a supercell approximation was used for describing the structure
of η′′′. The components of the modulation vectors of η′′′ were approximated
to α ≈ 4/14 = 0.2857 and β ≈ 3/14 = 0.2143, which resulted in the su-
percell approximation of 14 × 14 × 3. This was the smallest possible supercell
for η′′′, which maintains the differences between η′′ and η′′′. The next best ap-
proximation would be the same as for η′′ (α = β = 1

4
). The model in the

(3+2)D superspace was transformed to the 3D supercell using the relationships
hsc = 14h+4m−7n,ksc = 14k+3m+4n,lsc = 3l+m+n for the reflection indices.
The space group in the supercell description becomes P 3̄. Following the same
procedure as for η′′, an initial was obtained by EDMA through the interpretation
of the Fourier map with the supercell dimensions. EDMA interpretation gave a
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Figure 3.12: View of the density of the modulated layer B of η′′′. The surface
shows the density along the coordinate x2 as a function of the coordinates x4 and
x5. The 5D superspace density was projected along x1 in the interval from 0 to
0.98 and along x3 from 0.13 to 0.15 to obtain a three-dimensional representation
of the extremely complex modulation function of atoms in layer B.

complete model containing 1706 independent atoms. Analogously to η′′, the rings
of electron density generated by the discontinuity in the modulation function were
described through the superposition of six pentagons of Cu atoms rotated by 30◦

with respect to each other. These pentagons have spread density (Fig. 3.13) in
several positions of layers B of the η′′′ model, which yielded discrepancies in the
atomic positions found by EDMA. As a consequence, distorted geometries with
very short interatomic distances were observed. These atomic positions were cor-
rected after a visual inspection of the electron density map, where 17 atoms had
their positions adjusted, resulting in one Cu-Si distance of 2.26 Å, and all other
interatomic distances larger than 2.289 Å.

The data set contains only 1471 observed reflections, which excludes the possi-
bility to refine the free model, since the number of independent atoms is larger the
that of observed reflections. Thus, the option left is the fixed model, with all the
atomic coordinates fixed to those values obtained by the structure solution, and
with the displacement parameters restrained according to atomic species belonging
to similar type of layer. These restrictions resulted in a model with six refinable
parameters. R1(obs) of this refinement converged to 11.92 %, what indicates a
better agreement with the data than that of the fixed model of η′′. Considering
that the correct structure would be a model between the fixed and the free models
for η′′, and that the fixed one is the closest to the true structure, the fixed model
of η′′′ can be safely assumed to be correct, despite the supercell approximation and
the low number of observed reflections. Details of the refinement are summarized
in Table 3.2.
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Figure 3.13: Electron density of layer B obtained from the structure solution of
η′′′. A tendency to smearing of pentagonal motifs is visible in several places due
to the proximity of these regions to the point of discontinuity of the modulation
function at t = 0, u = 0.

(a) (b)

a

b

Figure 3.14: Comparison of layer B in (a) η′′ and (b) η′′′. In both cases 14 × 14
basic unit cells are shown, which correspond to 3.5× 3.5 unit cells of η′′ supercell,
and a single unit cell of η′′′ supercell.

3.4.5 Chemical and crystal structure discussion

Sample Cu76 was prepared with nominal chemical composition Cu76Si24. From
the results of the refinement, the average structure has chemical composition
Cu76.74Si23.26, and the supercell approximation of η′′ and η′′′ have the composi-
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tion Cu76.8Si23.2. In the supercell approximation η′′ contains 424 Cu atoms and
128 Si atoms per unit cell, while η′′′ contains 7788 Cu and 2352 Si atoms per
unit cell. The composition resulting from the refinement of the structure models
is in good agreement with the nominal composition of the sample. Nevertheless,
the structure analysis gives higher copper contents, closer to the copper-richer
limit of the stability field of Cu3+xSi, which lies in between Cu75Si25 and Cu77Si23
[80, 81, 82]. This flexibility in the composition of Cu3+xSi might stem from a low
number of silicon atoms placed at some copper positions. Since this replacement
of Cu by Si atoms probably occurs in a few positions, it cannot be observed by
diffraction and a spectroscopic analysis would be required.

The average structure and the structures of η′′ and η′′′ can be described in terms
of stacked layers along c, which were described in section 3.4.2 (Fig. 3.5). The
average structure has twelve layers per unit cell length, from which four layers
are symmetrically independent: layer A, with hexagonal geometry of Si atoms;
layer B, the strongly modulated layer in honeycomb geometry composed of Cu
atoms; layer C, in hexagonal geometry with Cu atoms; and layer D, which has
honeycomb geometry with alternating Si and Cu atoms. η′′ contains these same
four symmetry independent layers. For η′′′ the decrease of symmetry leads to the
splitting of layers A, B and C into symmetrically independent pairs (Fig. 3.5).
Since in the supercell approximation the unit cell is tripled along c, the number
of symmetry independent layers increases to 10 and 19 for η′′ and η′′′, respectively
(Fig. 3.5).

Layer B is the most strongly modulated one. In the average structure, the
modulation is evidenced through the smeared electron density in a honeycomb
shape (Fig. 3.7). In the supercell of both η′′ and η′′′ the Cu atoms of the layers B
form an arrangement of alternating deformed pentagons and elongated hexagons,
instead of a honeycomb shape (Fig. 3.14). The supercell approximation of η′′

contains three independent layers B, but they are all symmetry equivalent in the
modulated structure. Since each of these layers split in pairs of symmetrically
independent layers in η′′′, six independent layers B are present in η′′′, which corre-
spond to two independent layers B in the modulated structure. The only difference
between the layers B of η′′ and η′′′ is the arrangement of the pentagons and elon-
gated hexagons (Fig. 3.14). Even though these B layers of η′′ and η′′′ have different
disposition of motifs, they have the same number of atoms in the modulated struc-
ture and their overall appearance is very similar. Although η′′ appears to have a
mirror plane in the layer B, while in η′′′ the absence of the mirror plane is clear,
there is no mirror plane imposed by symmetry in the B layer of η′′ neither. These
B layers have two-dimensional plane group p3 and the planar symmetry can very
well be approximated to p31m in both phases.

The three-dimensional structures of η′′ and η′′′ can be described using five types
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of Si-centered polyhedra (Fig. 3.15), which are either face- or edge-shared. In four
of them the Si atom of the hexagonal Si layers coordinates 12-14 Cu atoms: a
dual hexagonal/pentagonal capped antiprism with the Cu-Si distances between
≈ 2.43 Å and ≈ 2.72 Å; a polyhedron denominated 12+2, with the central Si atom
coordinated by twelve Cu atoms at distances from 2.35 Å to 2.74 Å and two Cu
atoms further, at ≈ 3.1 Å and 3.3 Å; a twisted hexagonal capped prism with the
Cu atoms coordinating the central Si at distances between 2.35 Å and 2.8 Å; and
an icosahedron, with the Cu atoms coordinating the central Si within a distance of
2.4 Å and 3.01 Å. The fifth polyhedron is a distorted pentagonal capped antiprism
(Fig. 3.15(e)), which is formed around the Si atom of the honeycomb layer, with
Cu atoms coordinating the central Si within 2.36 Å and 2.75 Å of distance.

(d)

(e)

 (c)

(b)(a)

Figure 3.15: Clusters forming the structure 3-dimensional framework: (a) dual
hexagonal/pentagonal capped antiprism; (b) the 12+2 cluster; (c) the twisted
hexagonal capped prism; (d) icosahedron; (e) distorted pentagonal capped an-
tiprism.

The most frequent polyhedron is the icosahedron for both models η′′ and η′′′

(Fig. 3.16), and the 12+2 polyhedron is the second most observed one. Each
unit cell of η′′ has nine icosahedra per layer B, six 12+2 polyhedra, and one dual
hexagonal/pentagonal capped antriprism. Each layer B of η′′′ has 99 icosahedra, 84
polyhedra of the type 12+2, and 13 dual hexagonal/pentagonal capped antiprisms
per unit cell.
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It is worth to mention the similarity between the layers B of η′′ and the η′

model [26]. The disposition of the polyhedra is exactly the same for both models
η′′ and η′ (Fig. 3.16), while in η′′′ these polyhedra are more deformed. This
similarity comes from the close relation between η′′ and η′, which is characterized
by an order-disorder transition. The honeycomb layer with intercalated Cu and Si
atoms in η′′ becomes disordered in η′, with Cu and Si atoms sharing sites [26, 95].

a b

c

(a) (b)

Figure 3.16: Cluster distribution on layer B of (a) η′′ and (b) η′′′. The most present
polyhedron is the icosahedron, followed by the 12+2 polyhedron. η′′ has the same
cluster distribution as η′ [26].

The deformed pentagons and elongated hexagons provide enough flexibility for
the polyhedra to rearrange during the phase transition from η′′ to η′′′ as a function
of temperature, decreasing the symmetry and generating the volumetric expansion
of the unit cell observed at lower temperature [95].

3.4.6 Phases observed by temperature-dependent powder
X-ray diffraction

TD-PXRD patterns of the sample Cu74 contain six phases and weak Si peaks,
which was expected to be in equilibrium with the Cu3+xSi phase according to the
phase diagram. Si crystals can be seen as dark particles in the scanning microscope
images of Cu74 (Fig. 3.17 (a)). Diffraction patterns of the sample Cu78 is very
similar to that of Cu74. Cu78 presented ε in equilibrium with Cu3+xSi (Fig. 3.17
(b)), and the PXRD patterns contain the expected ε peaks.

One pattern of each phase observed in Cu74 was indexed (Fig. 3.18), in order
to characterize the phases. The observed phases are similar in both samples and
thus the indexing of the phases in Cu78 is not presented. The observed new
phases were named in analogy to the nomenclature from the phase diagram, from
the lowest temperature to the highest: η′′′, η′′, η′, η3, η2 and η1. The phases
transitions observed in Cu78 are equivalent to that of Cu74, but only the phases
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Cu Si3+x

500 m

(a) (b)

Figure 3.17: Scanning electron microscope image of the samples (a) Cu74 in sec-
ondary electrons, showing the Cu3+xSi phase (grey) and silicon crystals (dark
particles); and (b) Cu78 in secondary electrons (main image). The inset is the
back scattered electrons of ε (light grey) and Cu3+xSi (dark grey) phases.

η′′′, η′′, η′, and η2 are present. The phases η3 and η1 are absent. η′′′ was indexed
in the pattern collected at 150 ◦C, using the unit cell parameters and the values
of the modulation vectors obtained by TD-SCXRD presented in sections 3.4.4.
The extreme modulation of the structure is evident in the strong intensity of the
satellites present in the pattern (Fig. 3.18 (a)). The pattern collected at 330 ◦C
was used for the indexing of η′′ (Fig. 3.18 (b)), for which the unit cell parameters
and the values of the modulation vectors were obtained by TD-SCXRD, according
to section 3.4.3. The phase η′ ((Fig. 3.18) (c)) was indexed using the model by
Palatinus et al. [26] in the pattern collected at 420 ◦C. η3 was the only pattern
which could not be completely indexed ((Fig. 3.18) (d)) . According to our
indexation, η3 has a trigonal unit cell with parameters a≈ 4.08 Å and c≈ 7.38 Å
(Table 3.3), similarly to η′. However, we could not index the satellites of η3, in
spite of several attempts based on the other phases. The position of the satellites of
η3 indicates also a modulated structure, either (3+2)D or (3+1)D. Similarly to the
previous indexed phases, η2 ((Fig. 3.18) (e)) is an incommensurately modulated
structure, but with a (3+1)-dimensional one, with a single modulation vector
q = γc∗. γ ≈ 0.11 in Cu74 and γ ≈ 0.087 in Cu78. η2 was already observed by
Wen and Spaepen [86], when it was interpreted as the formation of a long-period
anti-phase domain. The last phase observed was η1, which is characterized by
the disappearance of the satellites ((Fig. 3.18) (f)) . This phase can be indexed
with the trigonal unit cell very similar to the basic unit cells of the phases η3 and
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η2. The lattice parameters and modulation vectors components of the six phases
follow in Table 3.3.
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Figure 3.18: Indexed PXRD patterns of the six phases in Cu74. The temperatures
correspond to the center of the main stability range of each phase. In some patterns
more than one phase coexist. Main phases: (a) η′′′, (b) η′′, (c) η′, (d) η3 (e) η2, (f)
η1.
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Table 3.3: Basic crystallographic information of the phases η′′′, η′′, η′, η3, η2, η1 as de-
termined in the sample Cu74 at selected temperatures. The temperatures were selected
close to the middle of the stability range of each phase in the sample Cu74. Unit cell
parameters and modulation vectors presented are the values refined from the TD-PXRD
at each temperature in this work, superspace groups are from [26] (η′) and [88] (η′′ and
η′′′).

T( ◦C) a Å c Å q1 q2 Space group

η′′′ 150 4.06603(7) 14.7035(2) (0.23458(7),0.28171(7),13) (-0.5163(1),0.23458(7)13) P3(α,β,13)(−α− β,α,13)
η′′ 330 4.07899(6) 14.7532(3) (0.25913(6),0.25913(6),13) (-0.51826(8),0.25913(6),13) P31c(α,α,13)(−2α,α,13)
η′ 420 4.08082(3) 7.37221(7) (0.26860(2),0.26860(2),13) (-0.53721(4),0.26860(2),13) P31m(α,α,13)(−2α,α,13)
η3 505 4.0857(2) 7.3798(5)
η2 570 4.08785(4) 7.35384(8) (0,0,0.11279(4))
η1 700 4.09738(4) 7.36530(9)

3.4.7 Phase transitions

TD-PXRD of samples Cu74 and Cu78 had both heating-cooling cycles presenting
the same sequence of transitions at the same temperatures. The difference between
the cycles was a weak hysteresis in the phase transitions, and thus only the first
heating of the first cycle is shown in Figs. 3.19 and 3.20, for samples Cu74 and
Cu78, respectively.

The temperature dependence of the unit cell parameters of Cu74 is shown in
Fig. 3.21, while the temperature evolution of the components of the modulation
vectors α and β is presented in Fig. 3.22. The evolution of the unit cell parameters
and components of the modulation vectors with increasing temperature in Cu78
are shown in Figs. 3.23 and 3.24, respectively. For both Cu74 and Cu78 the evo-
lution of the parameters as a function of the temperature is presented for heating
(full red symbols) and cooling (full blue symbols). Empty symbols represent the
permanence of a specific phase outside its principal stability range.

Cu74 and Cu78 patterns measured from room temperature until 120 ◦C have
broad peaks with shifted positions (Figs. 3.19 and 3.20). This behavior generates
changes on the slope of the curve of the thermal expansion of the unit cell pa-
rameters (Figs. 3.21, 3.23). The change in the slope of the curve is also observed
for the components of the modulation vectors (Figs. 3.22, 3.24) with increasing
temperature. This effect disappears above 150 ◦C, when the peaks become sharper
and only the thermal expansion is observed. This feature might be explained by
the sample preparation process. Since the bulk samples are crashed and ground
in the mortar, the strain generated disappears with increasing temperature. For
this reason annealing of alloys after the grinding process is a common practice
[96]. Hence, the patterns acquired until 120 ◦C are not used for the analysis of the
thermal evolution of the phases.

Since the measurements were performed in steps of either 30 ◦C or 5 ◦C, the
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Figure 3.19: Powder diffraction patterns of the sample Cu74 as a function of
temperature from 30 ◦C to 700 ◦C. The patterns are colored according to the main
phase present in the pattern.

range of temperature stability is presented as being in between the appearance of
two phases. For instance, in sample Cu74 the last pattern of η′′′ is observed at 270
◦C and the first pattern of η′′ is observed at 300 ◦C. Hence, η′′′ is defined as being
stable between the room temperature and 285±15 ◦C.

η′′′ is observed at room temperature and it is stable until 315±15 ◦C in Cu78.
The transition from η′′′ to η′′ is characterized by the change of β 6= α to β = α. In
the sample Cu74, there are smooth changes on the components α and β from room
temperature up to 210 ◦C. An abrupt change occurs between 210 ◦C and 240 ◦C,
but α and β remain different (α = 0.26193(3), β = 0.25538(3)). The temperature
evolution continues smoothly between 240 ◦C and 270 ◦C, when β converges to
α = β = 0.25884(2) at 300 ◦C. However, this transition occurs at once during the
cooling, from α = β = 0.25888(1) (η′′) to α = 0.27641(2), β = 0.24132(2) (η′′′). In
order to verify if this smooth change is in fact due to the release of strain caused by
the sample preparation, a short TD-PXRD measurement was performed on sample
Cu74 under heating from 30 ◦C to 150 ◦C, and cooling to room temperature. Broad
peaks become sharp during the heating, what we interpret as the disappearance
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Figure 3.20: Powder diffraction patterns of the sample Cu78 as a function of
temperature from 30 ◦C to 700 ◦C. The patterns are colored according to the main
phase present in the pattern.

of the strain.
Similarly to Cu74, this first transition occurs smoothly during heating of the

sample Cu78, and abruptly during the cooling. The abrupt change before the
transition during the heating does not occur for Cu78, though. With increasing
temperature, α = 0.26066(6), β = 0.25302(6) (at 300 ◦C) changes to α = β =
0.25660(3) (at 330 ◦C), while on cooling α = β = 0.25858(3) modifies to α =
0.27834(5), β = 0.23702(5).

The transition from η′′′ to η′′ is a first-order transition, which occurs slowly
during the first heating due to the strain caused by the sample preparation and
with behavior depending on the history of the sample.

η′′ is observed in the range 285±15 ◦C – 375±15 ◦C in Cu74 and 315±15
◦C – 475±15 ◦C in Cu78. This phase is characterized by the components of the
modulation vectors β = α. Hence, q1 = (α, α, 1/3) and q2 = (−2α, α, 1/3). η′′ has
α ≈ 0.25 and thus one could expect it to converge to a commensurate value for
higher temperatures. In spite of using the supercell approximation with α = 0.25
for the SCXRD model, the thermal evolution of the components of the modulation
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Figure 3.21: Evolution of the unit cell parameters with temperature for the samples
Cu74. Larger red symbols for heating, smaller blue symbols for cooling. Empty
symbols represent phases outside of their main stability range. Colored background
fields delimit the stability ranges of individual phases.

vectors clearly shows that there is no convergence to a commensurate value (Table
3.3, Figs. 3.22, 3.24). Peaks of the main reflections are observed up to 660±15 ◦C
in sample Cu74, as observed in Figs. 3.18 and 3.21, while in Cu78 the transition
to η′ occurs completely at 475±15 ◦C.

The phase η′ is observed from 375±15 ◦C – 497.5±15 ◦C in Cu74 and from
480±15 ◦C to 585±15 ◦C in Cu78. As for η′′, η′ is also incommensurately modu-
lated and the components of the modulation vector do not converge to a commen-
surate value (Figs. 3.22, 3.24). The transition to η′ occurs when D layer becomes
disordered and the c axis of η′′ almost halves its length (Table 3.3) [26, 88] and
the modulation vector increases from α = 0.25935(1) to α = 0.26810(1) in Cu74
and from α = 0.25615(2) to α = 0.26322(3) in Cu78 (Figs. 3.22, 3.24). During the
transition the unit cell volume contracts by 0.17 % (Fig. 3.21) for Cu74. Since Si
has shorter atomic radius than copper and Si crystals are observed in the matrix
of Cu3+xSi (Fig. 3.17), this contraction could be interpreted as the result of the
increase of silicon content in the η′ phase coming from the dissolving Si crystals.
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Figure 3.22: Evolution of the components α and β of the modulation vector as
a function of temperature in the sample Cu74. The transition from η′′′ to η′′ is
marked by the value of β becoming equal to α. Larger red symbols for heating,
smaller blue symbols for cooling. Colored background fields delimit the stability
ranges of individual phases.

However, the composition of both phases η′′ and η′ is the same [88] and peaks of
Si do not change intensity in the powder diffraction patterns. Hence, the contrac-
tion of the unit cell has origin in rotation and rearrangement of the clusters of
the modulated layer B, shrinking the unit cell with increasing temperature (see
section 3.4.5). This effect is observed for other materials as well [97].

The phase diagrams [80, 81, 82, 83, 84] contains a single field called η above
η′, but a narrow two-phase field is present between η′ and η in the phase diagram
of Olesinski and Abbaschian [80]. Our TD-PXRD exhibits a complex sequence of
patterns above η′, where at least two extra phases can be identified. Moreover,
a double peak in the DSC results of [98, 86] indicates the existence of an extra
phase and sample Cu74 exhibited one pattern with distinct peaks at 510 ◦C. We
decided thus to perform a more detailed measurement in the range 480 ◦C – 525
◦C using steps of 5 ◦C. η3 was observed in Cu74 between 500 ◦C – 515 ◦C (Fig.
3.25), being the main phase present at 510 ◦C. It appears at 500 ◦C as weak peaks,
and disappears at 515 ◦C, when η2 starts. It was not observed in Cu78.

η2 appears after η3, between 515±15 ◦C and 645±15 ◦C in Cu74, and after η′

for Cu78, from 585±15 ◦C to at least 700 ◦C, which was the highest measured tem-
perature. However, since the phases in Cu78 are stable until higher temperatures,

74



7.32

7.33

7.34

7.35

7.36

7.37

7.38

7.39

7.40

7.41

c 
p

ar
am

et
e

r 
[Å
]

4.05

4.06

4.07

4.08

4.09

4.10

0 100 200 300 400 500 600 700

a 
p

ar
am

et
e

r 
[Å
]

Temperature [°C]

’’’

’’

’



’’’

’’

’



Figure 3.23: Evolution of the unit cell parameters with temperature for the samples
Cu78. Larger red symbols for heating, smaller blue symbols for cooling. Empty
symbols represent phases outside of their main stability range. Colored background
fields delimit the stability ranges of individual phases.

it is reasonable to assume that η2 is still stable above 700 ◦C. Similarly to the
previous indexed phases, η2 is an incommensurately modulated structure, but a
(3+1)-dimensional one with a single modulation vector q = γc∗. γ = 0.1075(1) in
Cu74 and γ = 0.0870(2) in Cu78. The evolution of γ with increasing temperature
can be seen in Fig. 3.26.

Together with η2, weak main reflections belonging to η′′ and η′ can be observed
until the transition to the next phase η1 in the sample Cu74, when these peaks
from η′′ and η′ disappear. This coexistence of η′′, η′ and η2 is not allowed in a two-
components equilibrium system, according to the Gibb’s rule. This result suggests
an inhomogeneous sample. However, a line EDS mapping (Fig. 3.27) shows that
the sample is homogeneous, within the experimental errors. Nevertheless, accord-
ing to the calculated phase diagram by Gierlotka [83] and Hallstedt [84], Cu3+xSi
phases are described as line compounds with a difference of compositions of 0.5 %
Cu, which would not be observed in EDS results if the sample would have small
local differences in the silicon-Cu3+xSi ratio.
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Figure 3.24: Evolution of the components α and β of the modulation vector as
a function of temperature in the sample Cu78. The transition from η′′′ to η′′ is
marked by the value of β becoming equal to α. Larger red symbols for heating,
smaller blue symbols for cooling. Colored background fields delimit the stability
ranges of individual phases.

The last phase observed is η1, which was present above 645±15 ◦C in Cu74,
and it is most likely to be present at temperatures higher than 700 ◦C in Cu78,
above η2. A few extra peaks appear at lower 2θ values in relation to the strongest
main peaks of η1 (Fig. 3.28), which are easily observed around (2θ) 44.3◦ and
45.0◦, reflections 110 and 103, respectively. These extra peaks can be indexed
with a slightly larger unit cell, what we used for the indexation of the patterns to
avoid a biased indexing of η1. Another possibility would be the origin of another
superstructure. An attempt to index these extra peaks as satellites with a single
modulation vector along c∗ did not index all the observed peaks. A component
along a∗ would also be necessary. However, it was not possible to find a conclusive
interpretation about them, since these extra peaks are weak and there are only a
few of them.

Despite of having observed at least two new phases in the Cu-Si system, further
investigation is necessary to include these findings to the phase diagram. Two of
the phases observed had the crystal structure elucidated by SCXRD: η′′′ and η′′.
Five from the six phases observed by TD-PXRD in the sample Cu74 were indexed
using either our models from SCXRD or information based on the known models.
Four phases were observed in the PXRD in the sample Cu78 and all of them were
indexed.
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Figure 3.25: Powder diffraction patterns of the sample Cu74 from 490 ◦C to 510
◦C in steps of 5 ◦C. The most prominent peaks specific for η3 are marked with
asterisks.
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Figure 3.26: The evolution of the component γ of the modulation vector of the
phase η2 in Cu74 and Cu78.
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Figure 3.27: STEM image and the corresponding EDS line scan along the sample
Cu74.
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Figure 3.28: The disappearance of the peaks of η′′ and η′ and evolution of addi-
tional peaks (marked with asterisks) in the temperature range between 570 ◦C and
700 ◦C.
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4. Conclusions and future work

In this thesis we presented tests on the newly developed dynamical refinement
(Chapter 2) [28], a method that allows one to obtain accurate crystal structures
on nanocrystals by electron diffraction tomography (EDT) data. The parameters
used during the dynamical refinement were tested comparing the refinement of
precession electron diffraction tomography (PEDT) data, acquired on a nanowire
of Ni2Si with the diameter of ≈ 15 nm, with a high-quality single crystal X-ray
diffraction (SCXRD) model.

According to the results from the tests we could identify the optimum values
for the parameters of the method. These optimum values are valid for standard
refinement. It was shown that the accuracy obtained by the dynamical refinement
for PEDT approaches that of SCXRD [43], which is the standard technique used
for obtaining crystal structure on microscopic single crystals.

Knowing the optimized values of the parameters of the dynamical refinement,
their behavior and their limitations, the crystal structure of the transition metal
silicide Ni3Si2 was redetermined on a single nanowire with the diameter of 35 nm
[99]. The structure had a good agreement with the model obtained by single
crystal X-ray diffraction, giving an average distance to the atomic position of the
SCRXD model of less than 0.01 Å. The structure of the Ni3Si2 was shown to be
centrosymmetric Cmcm, in disagreement with the published structure determined
in 1961 as Cmc21.

This work shows that the dynamical refinement used for PEDT data removes
the barrier of lack of knowledge of crystal structure of nanomaterials that cannot
be grown as large single crystals, allowing the understanding of the properties of
a higher number of materials.

The next objective was to apply the dynamical refinement to an unknown
crystal structure. For that we used samples of the copper silicide Cu3+xSi. Since
this alloy undergoes phase transitions with increasing temperature, we measured
temperature dependent PEDT data. Two incommensurately modulated structures
were observed. Their modulation was so complex that it was not possible to refine
the structure model using standard approach, and a hybrid approach was used for
obtaining the dependence of the crystal structures on the temperature. For that,
temperature-dependent powder X-ray diffraction was measured on samples with
nominal composition Cu74Si26 and Cu78Si22. Six distinct phases were observed
in the Cu3+xSi system. In order of increasing temperature, the phases observed
were: η′′′, η′′, η′, η3, η2 and η1. The phases η′′′ and η′′ were elucidated by SCRXD
and they were shown to be extremely modulated, while the phases η2 and η1
were indexed by PXRD. According to our results, the binary Cu-Si phase diagram
might be more complex than the one presented by Olesinski and Abbaschian [80].
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It was shown that at least four incommensurately modulated phases are present in
the system Cu3+xSi. Despite of the phase transitions being reversible and having
indexed five of the six phases, we could not include these newly observed phases to
the Cu-Si phase diagram. The reason is the coexistence of three phases in the TD-
PXRD results of the sample Cu74Si26, which is not allowed for a two-components
system in equilibrium by the Gibb’s rule. More investigation is needed to better
understand the system Cu3+xSi.

As future work on the system Cu3+xSi, we plan to analyze samples with smaller
compositional variation, in order to verify the influence on the phase transitions
observed. The thermostability, by differential scanning calorimetry, and high reso-
lution microscopy images are two of the possible approaches to be added to X-ray
diffraction analysis. Another approach would be to find the driving force of the
modulation within the phases of the system Cu3+xSi. For that, the elongation of
the atomic displacement parameters might be used, and the distribution of the
pentagons and distorted hexagons in the honeycomb layers as well, in a approach
similar to that followed by W. Hornfeck [100] to identify defects in the iridium-zinc
system. The identification of the position of defects would be connected to the
modulation vectors, allowing one to predict general aspects of the crystal structure
based on the modulation vectors observed.
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