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ABSTRACT i

Abstract
The application of electron diffraction to crystallographically characterize all kinds of materials has
experienced new developments that have attracted some attention in recent years. A large number
of structural analyses from different compounds have been already carried out with the help of 3D
electron diffraction data that were not possible with the available X-ray methods. The use of a
transmission electron microscope as an electron nano-diffractometer has proved to be advantageous
when diffraction data from single nanocrystals are required, for instance in phase mixtures. In this
way, the individual phases do not have to be purely synthesized, which always involves the risk of
structural changes. The work presented here includes the development and implementation of a
novel and universal routine for the accurate and reliable acquisition of electron diffraction data. The
potential of this new data collection strategy to solve various crystallographic problems is illustrated
using three known materials. In addition, two unknown crystal structures from commercial products
are fully determined and refined; an organic dye of low symmetry and an incommensurate modu-
lated structure of a major constituent of cement. In particular, the precise knowledge of the different
crystal structures in cement clinkers, such as the α′H-C2S, enables the exact phase analysis of these
industrial phase mixtures directly from the manufacturing process, and paves the way for its CO2
emissions reduction.

Zusammenfassung
Neue Entwicklungen zur Methode der Elektronenbeugung für die kristallographische Charakter-
isierung von nanostrukturierten Materialien haben in den letzten Jahren einige Aufmerksamkeit auf
sich gezogen. Mit Hilfe dreidimensionaler Elektronenbeugungsdaten konnte bereits eine Vielzahl an
Strukturanalysen von Verbindungen durchgeführt werden, die mit den zur Verfügung stehenden rou-
tinemäßig anwendbaren Röntgenmethoden nicht zugänglich waren. Die Verwendung eines Transmis-
sionselektronenmikroskops als Elektron-Nanodiffraktometer hat sich als vorteilhaft erwiesen, wenn
individuelle Beugungsdaten von einzelnen Nanokristallen erforderlich sind, beispielsweise in Phasen-
mischungen. Auf diesem Wege müssen die einzelnen Phasen nicht rein synthetisiert werden, was
immer die Gefahr struktureller Veränderungen birgt. Die hier vorgestellte Arbeit beinhaltet die En-
twicklung und Implementierung einer neuartigen und universellen Routine zur genauen und zuverläs-
sigen Erfassung von Elektronenbeugungsdaten. Das Potenzial dieser neuen Datensammlungsstrategie
zur Lösung verschiedener Kristallographieprobleme wird zunächst anhand von drei bekannten Materi-
alien veranschaulicht. Darüber hinaus werden zwei unbekannte Kristallstrukturen aus kommerziellen
Produkten vollständig bestimmt und verfeinert. Zum einen handelt es sich um einen organischen
Farbstoff mit niedriger Symmetrie, zu anderen um eine inkommensurabel modulierte Struktur von
Klinker einem Hauptbestandteil von Zement. Besonders die genaue Kenntnis der Kristallstruk-
turen in kommerziellen Phasenmischungen, wie der bisher nur teilweise beschriebenen Klinkerphase
α′H-C2S, erlaubt die exakte Phasenanalyse von kommerziellen Phasenmischungen direkt aus dem
Produktionsprozess und ebnet den Weg zur gezielten Erniedrigung der CO2-Bilanz von Zement.
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Resum
L’aplicació de la difracció d’electrons per caracteritzar cristal·logràficament tot tipus de materials ha
experimentat nous desenvolupaments que han cridat certa atenció durant aquests últims anys. Un
gran nombre d’anàlisis estructurals en diferents compostos ja s’han dut a terme amb l’ajut de dades
tridimensionals de difracció d’electrons que no eren possibles amb els habituals mètodes de raigs X.
L’ús d’un microscopi electrònic de transmissió com a nano-difractòmetre d’electrons ha demostrat ser
molt més beneficiós quan es requereixen dades de difracció de nanocristalls individuals, per exemple
en mescles de fases cristal·logràfiques. D’aquesta manera, les fases individuals no s’han de sintetitzar
en estat pur, fet que sempre comporta el risc de canvis estructurals. El treball presentat aquí inclou el
desenvolupament i implementació d’una nova rutina universal per l’adquisició precisa i fiable de dades
de difracció d’electrons. El potencial d’aquesta nova estratègia de recopilació de dades per resoldre
diversos problemes cristal·logràfics s’il·lustra mitjançant tres materials coneguts. A més a més, dues
estructures cristal·lines desconegudes de productes comercials han estat determinades i refinades
completament; un colorant orgànic de baixa simetria i una estructura modulada incommensurada
d’un component principal del ciment. En particular, el coneixement precís de les diferents estructures
cristal·lines dels clinkers de ciment, com ara la α′H-C2S, permet l’anàlisi exacta de les fases d’aquestes
mescles industrials extretes directament del procés de fabricació, i facilita el seu estudi per reduir les
emissions de CO2.
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Glossary
3D ED 3D Electron Diffraction
A Ampere
ADF Annular Dark Field
ADT Automated Diffraction Tomography
ARP Analytical Resolution Pole Piece
BEA Best Equivalent Amplitude
BF Bright Field
bfp back focal plane
CA Condenser Aperture
CBED Convergent Beam Electron Diffraction
CCD Charge-Coupled Device
CFA Charge-Flipping Algorithm
CL Condenser Lens
CMOS Complementary Metal–Oxide–Semiconductor
CM Condenser Minilens
DC Deflector Coil
DF Dark Field
DL Diffraction Lens
DM Direct Methods
DME Digital Micrograph Environment
DP Displacement Parameter
DQE Detective Quantum Efficiency
DTA Differential Thermal Analysis
DVS Difference Vector Space
EDS Energy-Dispersive X-ray Spectroscopy
EDT Electron Diffraction Tomography
EELS Electron Energy Loss Spectroscopy
Fast-ADT Fast and Automated Diffraction Tomography
FEG Field Emission Gun
ffp front focal plane
FOLZ First-Order Laue Zone
FWHM Full-Width at Half-Maximum
FWTM Full-Width at Tenth-Maximum
GoF Goodness-of-Fit
GUI Graphical User Interface
HAADF High-Angle Annular Dark Field
HRP High Resolution Pole Piece
IC Image Coils
IEDT Integrated Electron Diffraction Tomography
IL Intermediate Lens
IS Image Shift
IUCr International Union of Crystallography
LACBED Large-Angle Convergent Beam Electron Diffraction
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LT Liquid N2 Temperature
NBED Nano-Beam Electron Diffraction
OA Objective Aperture
ODS Observable Diffraction Space
OL Objective Lens
OM Objective Minilens
PEDT Precession Electron Diffraction Tomography
PL Projector Lens
PM Photomultipliers
post-OL post-field Objective Lens
pre-OL pre-field Objective Lens
RED Rotation Electron Diffraction
ROI Region of Interest
RT Room Temperature
s Object distance
s′ Image distance
SA Simulated Annealing
SAA Selected-Area Aperture
SAED Selected-Area Electron Diffraction
SEM Scanning Electron Microscope
STEM Scanning Transmission Electron Microscope
TEM Transmission Electron Microscope
TGA Thermogravimetric Analysis
US1000 UltraScan 1000
US4000 UltraScan 4000
UHRP Ultra-High Resolution Pole Piece
XRPD X-Ray Powder Diffraction
ZOLZ Zero-Order Laue Zone
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Chapter 1

Introduction

From exertion come wisdom and purity;
from sloth ignorance and sensuality.

Walden
Henry David Thoreau

Advances in science and technology require the use of different tools to properly characterize existing
and novel materials in order to meet the challenges of the modern world, e.g. higher efficiency of cur-
rent devices or widely implementation of green solutions. One of the most important steps through
this process is the determination of the atomic arrangement of the investigated systems. In other
words, which elements are present, and, if there is ordering of the atoms, what are the basic building
blocks and the arrangement of atoms within. Tools utilizing the diffraction phenomena successfully
retrieve such kind of information and, in this doctoral work, the focus has been aimed to electron
diffraction.

After the discovery of electron diffraction in 1927 [1, 2], the acquisition of electron diffraction patterns
has been used as a complementary technique for X-ray methods to solve crystallography problems.
It was not until the introduction of a tomography-like experiment from the diffraction space in 2007,
that sequentially acquired electron diffraction patterns started to be used alone to reliably determine
crystal structures [3, 4], the so-called 3D ED technique. Since then, several developments on acqui-
sition methods [5, 6, 7, 8, 9] and data processing tools [10, 11, 12, 13] have been carried out in order
to bring the utilization of the technique on a routine basis [14]. However, the lack of automation
still remains as the main disadvantage, which results in several hours of acquisition time for a single
dataset that turns the use of the technique for systematic crystallographic investigations very time
consuming.

One material that could specially benefit from the 3D ED technique is cement. Cement is a key
material in our society as it is a strong building material that can withstand long periods of time.
One example of this is the Colosseum of Rome, which was completed in 80 AD and it is still stand-
ing against the force of time. This characteristic results in cement being the largest manufactured
product on Earth by mass, which combined with water and mineral aggregates form concrete, the
second most used substance in the world due to its simple production from widely available mate-
rials, its easiness to place it and adjust it to complex geometries, and its high strength and density.

1
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Nevertheless, one of the major concerns is the emission of CO2. Its production dependence on
the burning of fossil fuels contributes up to 5% of the global anthropogenic carbon dioxide emissions
[15], thus its proper characterization to foresee alternative components is needed to reduce its impact.

The main component of cement is the clinker, which is an aggregate of different crystallographic
phases from which alite (Ca3SiO5; 50-70%), belite (Ca2SiO4; 15-30%), aluminate (Ca3Al2O6; 5-10%)
and ferrite (Ca2AlFeO5; 5-15%) are the main constituents. The different phase ratios of these chemi-
cal components determine the strength development of the resulting cement. Several other chemical
components like alkali sulfates or calcium oxides are also present in much lower amounts [16]. Figure
1.0.1 shows scanning electron microscope (SEM) images and chemical maps of a clinker sample. Its
micro-structure can be described as follows: big alite and small belite grains crystallized in different
polymorphs inside a matrix of ferrites and aluminates that crystallized in the brownmillerite phase
of varying Al/Fe ratios [17, 18, 19, 20].

Figure 1.0.1: SEM images and chemical mapping of a clinker sample. Silicon and calcium EDS maps
allow to identify alite (Ca3SiO5) as the big grains and belite (Ca2SiO4) for the small ones, since Si and Ca
signals are lower and higher, respectively, for alite. Images are courtesy of Emilia Götz from the Technische
Universität Darmstadt.

As shown in Figure 1.0.2, alite and belite constituents can crystallize in different phases, which have
closely related cell parameters and space groups according to the temperature and dopants intro-
duced in the manufacturing process. Such amount of crystal structures result in fine crystallographic
investigations from X-ray methods unfeasible for real cement samples because of the strong reflec-
tions overlap. Therefore, the various crystal phases have to be produced in laboratory conditions to
get single crystals or phase pure powder samples for further X-ray diffraction studies, which are not
necessarily the same structures present in a sample from a cement plant.
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Figure 1.0.2: Schematic of the dicalcium silicate phase transitions between the different polymorphs with
respect to temperature [16, 18].

In this context, the 3D ED technique can be very advantageous because an electron beam from a
few to hundred nanometres can be set in a transmission electron microscope (TEM), and single
crystals can be illuminated to acquire individual diffraction data from phase mixtures such as cement
samples. Nevertheless, this kind of specimens requires the collection of several datasets from different
particles to be able to identify the different crystal phases as well as ascertain the obtained models
from more than one crystal. Thus an automated and systematic approach needs to be implemented
so that the data acquisition can be routinely and accurately performed. In this doctoral thesis, such
necessity has been taken as the main scope by the development and application of the fast and
automated diffraction tomography (Fast-ADT).

This work is divided in seven chapters that starts from the theoretical background of diffraction,
crystallography and TEM, to the crystal structure determination and refinement of a novel modu-
lated structure of a crystalline clinker phase. It covers two distinct parts; a first technical part related
to the alignment of a precessed quasi-parallel beam in a TEM and the development of the Fast-ADT
technique, and a second one in which the acquisition method is applied to different materials to
demonstrate the potential of electron diffraction with an automated approach like the Fast-ADT.

Two different materials have been used to prove the validity of the Fast-ADT and the different ex-
perimental setups implemented in this work. First of all, barium sulfate (BaSO4: barite) is used
to demonstrate the level of accuracy in the determination and refinement of a crystal structure.
Barite is an inorganic salt with an orthorhombic crystal system (Pnma) mostly used in oil and gas
exploration [21]. It has been chosen as the testing sample because of its particle size of hundred
of nanometres as well as its stability under the electron beam. Subsequently, a recently solved new
zeolite-like structure (Si42O84: RUB-5) is investigated to show the benefits of faster detectors for
the characterization of disorder. RUB-5 is a layer silicate that exhibits a new silica polymorph in a
monoclinic crystal system (C2) [22]. Such kind of structures are important due to their widespread
application in catalysis, adsorption and ion exchange, thus its interest to know their crystal structure
and fine crystallographic details for further crystalline modifications to best fit the intended purpose
[23].

A third material is characterized in this context to show how electron diffraction can be used to
reliably identify the absolute structure of non-centrosymmetric crystals. Here, a new silicide phase
((Fe,Ni,Cr)3.92Si1.08: π-ferrosilicide) is used, which is a cubic crystal (P213) formed within an austen-
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ite/ferrite matrix of the RR2450 alloy. This alloy is developed by Rolls Royce as a derivative of the
Fe-based stainless steel alloy Tristelle 5183 [24] that has been designed as a Co-free alternative for the
coating of structural components in nuclear plants, such as pumps and valves, that need to be wear-
resistant, strong and corrosion-resistant [25]. Figure 1.0.3 shows the three crystal structures used in
this part to demonstrate what can be accomplished with Fast-ADT and the available processing tools.

Figure 1.0.3: Structure models for A) barite (orthorhombic), B) RUB-5 (monoclinic) and C) π-ferrosilicide
(cubic). Green atoms correspond to barium, red ones to oxygen, yellow ones to sulphur, orange ones to
silicon and dark blue ones to iron-nickel-chromium positions.

After the chapter on the applications of Fast-ADT, two more chapters follow in which two un-
known crystal structures are fully characterized by electron diffraction. The first one is about the ab
initio structure determination and refinement of an organic dye called Disperse red 1 (C16H18N4O3:
DRED1). This is a well known dye for its photochromatic properties and, large optical non-linearities
and electro-optic properties as dopants or side groups in various polymeric films [26, 27, 28, 29].
However, a few studies have been carried out on the crystal structure of this powder and here a new
dehydrated polymorph is discovered and refined.

The last chapter before the final conclusions deals with the crystallographic investigations of cement
samples directly from production provided by the Schwenk Zement KG plant in Bernburg. Such
study reveals the incommensurate modulation of a polymorph of dicalcium silicate, from which
the incommensurate modulated structure is completely determined and refined only by means of
electron diffraction data. These results show how Fast-ADT improves the acquisition of several
datasets from different samples in an efficient and systematic way for sample screening and successful
crystallographic characterizations.



Chapter 2

The Basics of Diffraction,
Crystallography & TEM

Qui si convien lasciare ogne sospetto;
ogne viltà convien che qui sia morta.

[Here one must leave behind all hesitation;
here every cowardice must meet its death.]

Divina Commedia: Inferno
Dante Alighieri

X-ray diffraction was first reported in the works of Max von Laue, Paul Knipping andWalter Friedrich
in 1912 [30] and Sir Lawrence Bragg in 1913 [31]. They presented photographic plates with a pri-
mary intense spot in the middle surrounded by considerable number of less intense spots that were
acquired from copper sulphate pentahydrate, potassium chloride, rock salt and fluorspar crystals,
thus demonstrating X-ray diffraction. About a decade later, George Paget Thomson and Alexander
Reid in 1927, and, independently, Clinton Joseph Davisson and Lester Halbert Germer in the same
year, demonstrated electron diffraction by the acquisition of patterns from thin celluloid plates and
nickel crystals [1, 2]. Finally, Dane P. Mitchell and Philip N. Powers at the end of 1936, and Hans
von Halban and Pierre Preiswerk in the beginning of 1937 acquired diffraction patterns on magne-
sium oxide and iron crystals from neutron sources [32, 33], thereby confirming the wave behaviour
of matter predicted by de Broglie [34].

This doctoral thesis is mainly focused on the use of a TEM for the production of diffraction data of
materials with unknown crystal structure, a field of work called electron crystallography. Partic-
ularly, by using a TEM not as a typical microscope but rather as an electron nano-diffractometer.
This introduction chapter is meant to provide the physical foundation of the diffraction phenomena
that pave the way to the description of the transmission electron microscope, its illumination and
operation modes, the different diffraction patterns that can be acquired from these modes, and the
crystallographic information that can be extracted from them.

5
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2.1 The Diffraction Phenomena
Before starting with the theoretical background, it is important to differentiate between scattering
and diffraction because “diffracted beams” and “scattered beams” are frequently and indistinctly used
in many publications. Scattering is a physical process describing the deviation of radiation caused
by the interaction with matter in a particle-like way. Diffraction is a physical process occurring when
a wave interferes with an object and produces a pattern as a result. Note that both descriptions are
equivalent through the particle-wave duality, thus both of them can be interpreted as two possible
explanations of the same result, but diffraction wording is to be used when wave-like behaviour
(diffracted waves) is discussed and scattering wording for particle-like descriptions (scattered
beams).

2.1.1 From Huygens Principle to Fraunhofer Diffraction
The original principle of Christiaan Huygens in 1678 pictured light as a wave that propagates through
space by means of the generation of secondary spherical waves at each point of the wavefront, which
interfere and become the new wavefront [35]. Although it was a big step towards the explanation
of light, in contraposition to the corpuscular theory of light [36], it had a main problem, it did
not forbid the generation of waves in the opposite direction of propagation. In 1718, Augustin
Fresnel introduced the obliquity factor in the Huygens principle to avoid the backward propagation,
which states that the wave amplitude is maximum at the source and decreases with distance. This
merged contribution plus the waves superposition principle of Fresnel was later referred as Huygens-
Fresnel principle and explains several diffraction effects [37]. In 1882, Gustav Kirchhoff provided a
mathematical formulation for wave propagation that derives the diffraction formulas used for the
different spatial regimes [38]. He found a solution from the homogenous wave equation using the
Green’s theorem [39, 40, 41]:

$n
$rq

$r
r

rq

Q

P

Figure 2.1.1: Parameters considered for the propagation of a wave according to the Kirchhoff formalism.

The disturbance at a point P due to any wave-field W is given by the integration over any closed
surface containing P (see Figure 2.1.1)

WP = 1
4π

∮
S

([
exp{−2πikr}

r

]
· ∇W −W · ∇

[
exp{−2πikr}

r

])
dS (2.1.1)

where k = 1/λ is the wavevector, λ is the wavelength and r is the distance from P to the surface S
to be integrated. In case that the wave-field comes from a point source of unit strength located at
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point Q, and all distances are much greater than the wavelength, the equation becomes

WP = i

2λ

∮
S

exp{−2πikrq}
rq

exp{−2πikr}
r

[cos (n̂ ∧ r̂)− cos (n̂ ∧ r̂q)] dS (2.1.2)

where rq is the distance between Q and the point at the surface, r is the distance between P to
the point at the surface, n̂ is the normal vector to the surface, n̂ ∧ r̂ is the angle between n̂ and r̂,
and n̂ ∧ r̂q is the angle between n̂ and r̂q. It is worth to say that due to the uncertainty principle
[42], the origin of radiation cannot be specified with a precision better than about half of its related
wavelength, so that point sources must be at least this size.

Equation 2.1.2 is particularly interesting because it can be interpreted as the Huygens-Fresnel prin-
ciple: each secondary spherical wave emitted from each position of the surface, exp{−2πikr}r−1dS,
has an amplitude proportional to the incident wave from Q, exp{−2πikrq}r−1

q , and an obliquity
factor, [cos (n̂ ∧ r̂)− cos (n̂ ∧ r̂q)] /2, that ensures the forward propagation of the wave and adds up
to the unity.

$zs$rq $r
rrq

O

S x ys s( , )

P x y( , )Q

Figure 2.1.2: Parameters considered for the perturbation of a wave due to an object according to the
Kirchhoff formalism.

The full potential of equation 2.1.2 is not its use for wave propagation, but rather to describe the case
in which the wave-field W is the wave function of the radiation, Ψ(x, y), modified by the presence of
an object. Here the integration surface is conveniently used as the surface of this object. If the simple
case of a two-dimensional object between points P and Q is considered, an arbitrary function can
be introduced, S(xs, ys), that multiplied by the incident wave function, exp{−2πikrq}r−1

q , results in
the modification of the amplitude and phase of the wave due to the object. When the dimensions of
the object are much bigger than the wavelength, and the emitter of radiation is a point source, the
wave function at a given point of observation P (x, y) becomes

Ψ(x, y) = i

2λ

∫ ∫
S(xs, ys)

exp{−2πikrq}
rq

exp{−2πikr}
r

[cos (ẑs ∧ r̂) + cos (ẑs ∧ r̂q)] dxsdys (2.1.3)

where the wave propagation is chosen to be along the ẑs axis for convention, the 2D plane is placed
perpendicular to the ẑs axis, the integration surface is this plane plus another surface closed at infinity
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that its corresponding integration tends to 0, and xs and ys are the remaining coordinates forming
an orthogonal framework with ẑs (See Figure 2.1.2). This expression can be directly used to describe
the interaction of electrons accelerated at voltages higher than 10 keV with matter, since their related
wavelength according to the de Broglie principle [34] is much smaller than the actual dimensions of
atomic arrangements (See Table 2.1.1). At this point, equation 2.1.3 can be used to derive the most
common expressions for Fresnel (near-field) diffraction and Fraunhofer (far-field) diffraction.

V (kV) λ (Å)

10 0.1220
20 0.0859
50 0.0536
120 0.0335
200 0.0251
300 0.0197

Table 2.1.1: Associated wavelength of electrons (λ) for different acceleration voltages (V ). These values
are calculated using the de Broglie relation and the relativistic effects; λ = h/

[
2m0V qe(1 + qeV/2m0c

2)
]1/2,

where h is the Planck constant, m0 is the rest mass of the electron, qe is the elemental charge of the electron
and c is the speed of light.

O

S x ys s( , )

y ( , )x y

$zs

r$r

r0

( , )x ys s

( , )x y

R

Figure 2.1.3: Parameters considered for the perturbation of a plane wave due to an object, S(xs, ys),
according to the Kirchhoff formalism. r0 is defined as the distance between the origin O and the position
(x, y) in the plane at a distance R of the object S.

When a plane wave that is propagated parallel to ẑs is considered, the incident wave of equation
2.1.3, exp{−2πikrq}/rq, can be replaced with the unit wave, which can be understood as a wave of
amplitude 1 and a zero phase at zs = 0. In this way, the modified wave at a distance R beyond the
object can be written as

Ψ(x, y) = i

2λ

∫ ∫
S(xs, ys)

exp{−2πikr}
r

[1 + cos (ẑs ∧ r̂)] dxsdys (2.1.4)

where r2 = (x− xs)2 + (y − ys)2 +R2 has been used for simplification (See Figure 2.1.3).
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Due to the use of the approximation of object dimensions higher than the wavelength, a small angle
approximation can be applied. This translates to cos (ẑs ∧ r̂) ≈ 1 , r ≈ R in the denominator of
exp{−2πikr}/r and r ≈ R + ((x− xs)2 + (y − ys)2) /2R in the exponent of exp{−2πikr}/r. The
diffraction expression turns out as

Ψ(x, y) = i exp{−2πikR}
Rλ

∫ ∫
S(xs, ys) exp

{
−πi [(x− xs)2 + (y − ys)2]

Rλ

}
dxsdys (2.1.5)

which is the expression that Fresnel reached after multiple hypothesis in 1718 [37], but here it can be
derived without so many approximations. Although it is not frequently used in TEM work, near-field
diffraction effects appear in the form of fringes, so-called Fresnel fringes, at the edges of the sample
in imaging mode, which is quite useful for focusing (see Figure 2.1.4).

Figure 2.1.4: TEM images of an edge of a carbon film that show Fresnel fringes as A) bright fringes when
it is underfocused and B) dark fringes when it is overfocused. C) Once the image is focused, such fringes
are not visible.

Now, the case of far-field or Fraunhofer diffraction is considered, in other words, when the dis-
tance between the source and the plane of observation is effectively at infinity, which is defined as
Ss/(Rλ) << 1 where Ss is the size of the object S. In a TEM, if Ss is the distance between atoms
(∼ 1-2 Å) and R is the distance between the sample and the detector (∼ 1 m), such condition is met
and Fraunhofer diffraction can be applied to explain the resulting diffraction patterns.

Starting with equation 2.1.3, the obliquity factor can be removed from the integration because the
angle differences through the whole S(xs, ys) would be almost zero. Therefore, a constant φ is
assigned to the angle ẑs ∧ r̂ and the obliquity factor is taken out of the integral part. Then, the
following approximation can be made

r =
√
R2 + (x− xs)2 + (y − ys)2

≈ r0 −
x

r0
xs −

y

r0
ys
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where x/r0 is sin θx and y/r0 is sin θy. θx and θy are the components of the scattering angle θ. In
this way, the expression for a wave diffracted by an object S(xs, ys) is

Ψ(l,m) = (1 + cosφ)iexp{−2πikr0}
2r0λ

∫ ∫
S(xs, ys) exp{2πik(lxs +mys)}dxsdys (2.1.6)

where l = sin θx and m = sin θy. This formula is very interesting because it has the form of a Fourier
transform integral. More precisely, it is roughly the Fourier transform of the object S(xs, ys), thus
providing an important insight on why materials give rise to different kinds of diffraction patterns.
It is also worth to note that equation 2.1.6 is derived for two-dimensional objects, which means that
only one diffracting event is possible since there is no physical distance for more. This is the basis of
what is called kinematical diffraction.

2.1.2 The Fourier Transform and Reciprocal Space
The Fourier transform is a basic and very useful tool in several fields like quantum mechanics or
audio signal processing [43]. From a TEM point of view, it helps to align the electron beam with the
different optical systems of the microscope and also to process and simulate high resolution imaging
data. In crystallography, it is the core analysis tool used in all structure determination and refine-
ment algorithms.

A Fourier series is a mathematical representation by sine and cosine components of periodic functions
and functions that are only defined in a delimited interval. It was introduced by Joseph Fourier in
1822 in order to explain heat conduction and diffusion processes [44] and it is defined as

f(x) = a0

2 +
∞∑
n=1

an cos(nx) +
∞∑
n=1

bn sin(nx) (2.1.7)

where the coefficients an and bn are

an = 1
π

∫ 2π

0
f(x) cos(nx)dx ∀n = 0, 1, 2, ...

bn = 1
π

∫ 2π

0
f(x) sin(nx)dx ∀n = 1, 2, ...

Although equation 2.1.7 is very useful, it has a main limitation, it is not suitable for non-periodic
functions. To solve this inconvenience, the series period is extended to infinity and then the sums
are converted to integrals. The discrete representation evolves to a continuous one that defines the
Fourier transform, F , of a function as

F [f(~r)] = F (~u) =
∫ ∞
−∞

f(~r) exp{2πi~u · ~r}d~r (2.1.8)

which is the vectorial form of the transform in three dimensions. ~r is a vector in the direct or real
space and ~u is a vector in the Fourier or reciprocal space. (x, y, z) are coordinates of the real space,
(u, v, w) are coordinates of the reciprocal space and ~u · ~r = ux + vy + wz. In order to retrieve back
the function f(r), the inverse Fourier transform is defined as

f(~r) = F−1 [F{f(~r)}] =
∫ ∞
−∞

F (~u) exp{−2πi~u · ~r}d~u (2.1.9)
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Here, the convention to introduce 2π in the exponent instead of the constant (2π)−1 in front of the
transform integral is followed. If the comparison between equation 2.1.6 and equation 2.1.8 is made,
the diffracted wave obtained by the Fraunhofer conditions can be understood as a distribution in
the reciprocal space, a Fraunhofer diffraction pattern, in which its amplitude is proportional to F (u)
and its intensity is |F (u)|2.

The positive exponential in the Fourier transform is also kept following the formalism used by the
International Union of Crystallography (IUCr) [45]. Some solid-state physics books exchange the
sign of the exponentials and it does not alter anything in the development of the theory [46, 47], but
it has to be kept in mind when non-centrosymmetric structures are studied because it determines
which is the right- or left- handed model [48].

f(x) F [f(x)] = F (u)

Point aperture δ(x) 1

Translation of an object f(x− a) = f(x)⊗ δ(x− a) F (u) exp{2πiua}

Slit aperture f(x) =

0 if |x| > a/2
1 if |x| < a/2

sin (πau) / (πu)

Diffraction grating
(N−1)/2∑

n=−(N−1)/2
δ{x− na} ⊗ g(x) G(u)

[∑
t
δ (u− t/a)⊗ sin(πNau)

πu

]

Table 2.1.2: Fourier transform applied to different functions f(x). δ(x) is the delta function and ⊗ stands
for the convolution integral. The convolution theorem is used in some of them; F [f(x)⊗ g(x)] = F (u)G(u).

Some examples of the application of the Fourier transform to different functions are shown in Table
2.1.2. A single delta function in real space translates to a constant in the reciprocal space, thus it
does not provide so much information about the object. An interesting characteristic of the recipro-
cal space is that its square modulus is translational invariant. Since a displacement of an object is
equivalent to a phase change in the reciprocal space, its amplitude does not change. A slit aperture
is a frequently used object to describe the wave behaviour of matter as its illumination results in a
pattern following a sinc(u) function. Figure 2.1.5 shows a plot of the mathematical function for a
10 Å slit aperture (2.1.5A), its Fourier transform (2.1.5B) and the square modulus of F (u) (2.1.5C),
which would approximately be the resulting pattern when the experiment is actually performed. In
this case, the reciprocal distance between the maximum and 0 for F (u) will be the inverse of the
aperture size a. Finally, the expression for a diffraction grating of a general function g(x) is shown.
This is the pattern in reciprocal space of a periodic and finite distribution of an identical object
defined by g(x). In this way, the height of each of the maxima is proportional to the value of the
Fourier transform of g(x) at that u value. Figure 2.1.5 shows a case example of a diffraction grating
with 9 slit aperture of 2 Å in size and separated each other by 10 Å (Figure 2.1.5D). Its Fourier
transform (Figure 2.1.5E) results in 9 sinc functions separated each other by 0.1 Å−1 and attenuated
by G(u), a sinc function coming from the expression of the slit aperture with a reciprocal distance of
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0.5 Å−1 between its maximum and 0. Figure 2.1.5F shows the resulting intensity pattern, |F (u)|2,
where the 9 maxima become sharper than F (u), thus better displayed.
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Figure 2.1.5: The application of Fourier transform to two different cases: A) a slit aperture of 10 Å in
size and D) a grating of nine 2-Å slit apertures separated 10 Å from each other. B) and E) correspond to
their respective Fourier transform, and C) and F) are the square moduli of B) and E) that represent the
resulting intensity pattern.

2.1.3 Crystals, Reciprocal Lattices and the Diffraction Space
Up to this point, a mathematical and physical description has been introduced to explain the diffrac-
tion phenomena. Now the focus is directed to what happens when a material is used as an object
that is in the path of a plane wave.

The classical definition of a crystal is an object that can be described by the repetition of a basic
block along the three spatial dimensions. This basic block is called unit cell and is formed by the
unit cell vectors ~a, ~b and ~c, which have lengths a, b and c, and angles between the axes α, β and
γ. These six values are called unit cell parameters and, in general, ~a, ~b and ~c are not orthogonal.
Then, the electron density with units e−/Å3 for a conventional crystal is defined as

ρ(~r) =
[
ρ0(~r)⊗

∑
l

∑
m

∑
n

δ{x− la, y −mb, z − nc}
]
s(~r)

where ρ0(~r) is the electron density inside the unit cell, l, m and n are integers that create the density
along the three dimensions, and x, y and c are coordinates related to the unit vectors â, b̂ and ĉ. s(~r)
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is a shape function defined as the three-dimensional form of the slit aperture in Table 2.1.2, which
takes into account the finite size of the crystal. In other words, it is a function that chops off the
periodic function that defines the crystal in real space.

When a Fourier transform is applied to this distribution, the Fraunhofer diffraction pattern is ob-
tained

F (u, v, w) = F0(u, v, w)
∑
h

∑
k

∑
l

δ(u− ha∗, v − kb∗, w − lc∗)⊗ S(u, v, w) (2.1.10)

where u, v and w are coordinates of the reciprocal space, h, k and l are integers of the summations
that correspond to the positions of lattice points in the reciprocal space, and a∗, b∗ and c∗ are the
reciprocal distances of the reciprocal vectors ~a∗, ~b∗ and ~c∗ that define a lattice in the reciprocal space,
the so-called reciprocal lattice. The reciprocal vectors are calculated as follows

~a∗ =
~b× ~c

Ω ; ~b∗ = ~c× ~a
Ω ; ~c∗ = ~a×~b

Ω

where Ω = ~a · (~b×~c) is the unit cell volume. The different vectors in real and reciprocal spaces fulfil
the orthogonal conditions

~a∗i · ~aj = δij ; i, j = 1, 2, 3

For the shape function s(x, y, z), its Fourier transform, S(u, v, w), takes the form of

S(u, v, w) = ABC
sin(πAu)
πAu

sin(πBv)
πBv

sin(πCw)
πCw

where A, B and C are the dimensions of the crystal along the three axes in real space. This
function provides the distribution of the diffraction amplitudes as a sharp peak with strongly decaying
oscillations, and the delta function defines these distributions only at each node of the reciprocal
lattice. Thereby, the only interesting values of F0(u, v, w) in equation 2.1.10 are those at the reciprocal
lattice points and the earlier expression can be re-written to

F (~u) =
∑
h

∑
k

∑
l

Fhkl δ{~u− (ha∗ + kb∗ + lc∗)} ⊗ S(~u) (2.1.11)

where Fhkl is the structure amplitude or structure factor of the (h, k, l) reciprocal lattice point
given by

F~g ≡ Fhkl =
a∫

0

b∫
0

c∫
0

ρ(x, y, z) exp{2πi((hx/a) + (ky/b) + (lz/c))}dxdydz

where ~g is a vector defined as ~g = h~a∗ + k~b∗ + l~c∗ and the integrals run through the whole unit cell.
The structure factor F~g is the amplitude-weight of the (h, k, l) point in the reciprocal space. Since
the electron density inside the unit cell can be calculated by the summation of the contribution of
each atom individually, the following expression for the electron density is used

ρ(~r) =
N∑
i

ρi(~r)⊗ δ(~r − ~ri)
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where N is the number of atoms inside the unit cell and ρi(~r) is the electron density associated to the
i-th atom centred at ~r − ~ri. When this consideration is made, the usual expression for the structure
factor using the kinematical approximation is obtained

F~g =
N∑
i

fi exp{2πi (hXi + kYi + lZi)} (2.1.12)

where Xi, Yi and Zi are the fractional coordinates x/a, y/b and z/c of the atom i inside the unit
cell and fi is the atomic scattering factor that depends on the used radiation. This equation
can be applied in X-ray, neutron or electron diffraction experiments given that the kinematical ap-
proximation is valid. In X-ray diffraction, a X-ray should travel a path length of the order of 1 µm
in a single crystal without defects to appreciate the multiple scattering. In neutron diffraction this
path is several times greater. In the case of electron diffraction, multiple scattering events become
important around a path of the order of one or two hundred Å for light atoms and less for the heavy
ones [49]. How to deal with dynamical intensities and use them for crystal structure determinations
will be discussed in the fourth chapter.

Equation 2.1.11 is important because it defines what it is called diffraction space in this work.
It consists on an amplitude-weighted reciprocal lattice created by the crystal periodicity and the
diffracting strength of the atoms, plus some diffuse scattering between these nodes caused by the
disorder that a crystal may have. A difference shall be made here because the reciprocal space is
an abstract space created by the use of the Fourier transform to a given mathematical function.
Instead, the diffraction space is created by the physical phenomena of diffraction or scattering,
although the already discussed mathematical development needs to be used in order to understand
and quantitatively describe what is happening. Furthermore, the detection or measurement of this
space does not allow the collection of its whole information, but only its square modulus. This
is very inconvenient because it means that only the amplitudes of F~g can be obtained yet their
phases are lost, which carries most of the structural information needed to retrieve the electron
density distribution. This diffraction experiment hindrance has been called traditionally as the phase
problem. However, several algorithms based on the kinematical approximation have been developed
during the last century in order to successfully determine crystal structures. The acquired intensities,
following this theory, are proportional to |F (~u)|2 as

Ikin ∼ |F (~u)|2 =
∑
h

∑
k

∑
l

|F~g|2δ{~u− (h~a∗ + k~b∗ + l~c∗)} ⊗ |S(~u)2|

|F (~u)|2 is the distribution of scattering power of the crystal and it will be called observable diffrac-
tion space (ODS) in this work. From this equation, the inverse Fourier transform can be applied
to obtain the generalized Patterson function

F−1{|F (~u)|2} = P (~r) =
[
ρ0(~r)⊗ ρ0(−~r)⊗

∑
l

∑
m

∑
n

δ{~r − (l~a+m~b+ n~c)}
]

[s(~r)⊗ s(−~r)]

(2.1.13)
This is a periodic function made up by a self-convolution of the contents of the unit cell and a gradual
fall-off due to the shape convolution. Although ρ0(~r) is there and this expression is the basis for some
structure determination methods [50, 51], the direct de-convolution to isolate the electrons density



2.1. THE DIFFRACTION PHENOMENA 15

is in general not possible. More details on how to determine the electron density distribution will be
given in the fourth chapter.

If the finite size of the radiation source and the detector characteristics are considered, the final
acquired intensity could be mathematically expressed as

Ikin ∼ |F (~u)|2 ⊗R(~u)⊗D(~u)

where R(~u) is the source function and D(~u) is the function that represents the detector sensitivity
and point spread function.

Finally, it is worth to comment on the definition of crystal. The classical definition introduced at
the beginning of this section is not the current definition given by the IUCr. The official definition
is based on the diffraction pattern obtained from the material under study, reproduced here for con-
venience:

“A material is a crystal if it has essentially a sharp diffraction pattern. The word essentially means
that most of the intensity of the diffraction is concentrated in relatively sharp Bragg peaks, besides the
always present diffuse scattering. In all cases, the positions of the diffraction peaks can be expressed
by

H =
n∑
i=1

hia
∗
i (n ≥ 3)

Here a∗i and hi are the basis vectors of the reciprocal lattice and integer coefficients respectively and
the number n is the minimum for which the positions of the peaks can be described with integer coef-
ficient hi.
The conventional crystals are a special class, though very large, for which n = 3.”

This definition was introduced in order to classify aperiodic crystals as actually crystals [52]. Ape-
riodic crystals are materials in which their diffraction patterns contain sharp reflections but cannot
be explained with a three-dimensional lattice. Extra dimensions have to be added in the form of
modulated vectors to consider the periodicity of the material that is fulfilled outside of the unit cell.

Nevertheless, it can be argued that the use of a diffraction pattern to decide if a material is a crystal
is not ideal because it depends on the used radiation. Some materials could not be considered
crystals for X-ray diffraction experiments but they could be for electron diffraction. In this way,
the classical translational description of a crystal that could include modulated vectors to properly
describe aperiodic crystals is preferred because it avoids the experiment dependent factor. Although
mathematically more complex, the definition would be more accurate to describe what is the ordering
of matter.

2.1.4 Atomic Scattering Factors for Electrons
The potential distribution ϕ(~r) in volts is the physical property that causes the diffraction of the
wave or the scattering of the beam. It is related to the electron density by the Poisson’s equation

∇2ϕ(~r) = |qe|
ε0

[ρn(~r)− ρe(~r)]
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where ε0 is the vacuum permittivity, and ρn and ρe are the electron densities corresponding to the
nuclei and electrons of the atoms, respectively. Then, the atomic scattering factors for electrons are
defined as the Fourier transform of ϕ(~r).

fe(~u) =
∫
ϕ(~r) exp{2πi~u · ~r}d~r

It is important to note that in this way these factors are intrinsic properties of the atoms, regardless
of the theory used to describe the physical process of diffraction or scattering. fe(~u) can be related
to the well-studied atomic scattering factors of X-rays, fX(~u) in electron units, following the Mott
formula [53]

fe(~u) = |qe|
4π2ε0

Z − fX(~u)
u2

where Z is the atomic number of the considered atom and fe(~u) has volts·Å3 units. These factors
are tabulated in the International Tables for Crystallography vol. C [54], but they are defined
according to the first Born approximation of the scattering theory of electrons by atoms; fBorn(~u) =
((2πmeqe)/(h2))fe(~u) in Å units.

2.1.5 The Geometry of Diffraction
The diffraction space F (~u) depends on the used radiation because the atomic scattering factors are
different, but the reciprocal lattice does not change as it only depends on the unit cell of the crystal,
i.e. the geometry of the diffraction space is independent of the radiation wavelength. For a given
incident wave with wavevector ~k0, the diffracted wave defined by the wavevector ~k has an intensity
equal to |F (~u)|2 at the position ~u = ~k0−~k of the ODS. Since the distribution of the scattering power
is gathered around the reciprocal lattice nodes, the only positions in which a diffracted wave will
have significant intensity are when ~u = ~g

~u = ~k0 − ~k = ~g = h~a∗ + k~b∗ + l~c∗

where λ is the wavelength of the diffracted wave that in this case would be λ0 because inelastic
scattering (absorption) effects are not considered. If this equation is translated to the real space, the
Laue conditions for diffraction are obtained

~g · ~a = h ; ~g ·~b = k ; ~g · ~c = l (2.1.14)

Alternatively to the Laue conditions, another interpretation of diffraction can be used to derive the
Bragg’s law [31]. The periodicity of a crystal allows the introduction of the atomic planes concept.
These are sets of parallel planes that intersect to the centres of atoms and are spaced in regular
intervals. The reciprocal vectors ~g are normal to these planes, which are denoted by the hkl integers
of ~g that are called Miller indices. In a general way, the interplanar distances dhkl between hkl planes
can be calculated with the following formula regardless of the crystal system

1
d2
hkl

= 1
Ω2 (s11h

2 + s22k
2 + s33l

2 + 2s12hk + 2s23kl + 2s31lh)
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where

Ω2 = a2b2c2(1− cos2 α− cos2 β − cos2γ + 2 cosα cos β cos γ)
s11 = b2c2 sin2 α

s22 = a2c2 sin2 β

s33 = a2b2 sin2 γ

s12 = abc2(cosα cos β − cos γ)
s23 = a2bc(cos β cos γ − cosα)
s31 = ab2c(cos γ cosα− cos β)

1/dhkl would be the length of ~g between the origin of the diffraction space to the hkl reciprocal lattice
point; thereby, ~g defines the interplanar distance and the orientation of the Miller planes.
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Figure 2.1.6: Bragg interpretation on how a crystal diffracts an incident wave by atomic planes.

According to the model proposed by Bragg, the crystalline planes act as semitransparent mirrors in
such a way that different parts of the same wavefront are reflected in different planes, as shown in
Figure 2.1.6. These different parts do not travel the same optical path and the only way to have a
constructive interference after being reflected is when the path difference is an integer number of the
wavelength, so that

2dhkl sin θB = nλ (2.1.15)
which is the equation known as Bragg’s law. This optical interpretation of diffraction as a reflec-
tion phenomenon is the reason why spots in diffraction patterns are frequently referred as Bragg
reflections. In this work, they will be called reflections for convenience.

Paul Peter Ewald developed an easy geometric interpretation for the diffraction conditions [55, 56].
First, the ODS is depicted and an arrow with length |~k0| = 1/λ0 is drawn with the arrowhead at
one of the reciprocal lattice nodes, and its direction according to the orientation of the crystal with
respect to the incident radiation. Then, a sphere, so-called Ewald sphere, is drawn with radius
1/λ0 and centre at the origin of the vector ~k0. This sphere determines the intensity for the diffracted
waves around all possible directions and it will only be significant when the diffraction conditions
are fulfilled. In other words, the only spots observed in a diffraction pattern will correspond to the
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intensity-weighted reciprocal nodes hit by the Ewald sphere. Interestingly, this geometry can be
applied to any radiation by calculating its related wavelength. Figure 2.1.7 shows an example using
Cu Kα X-rays (1.5406 Å) and electrons accelerated at 200 kV (0.0251 Å).
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Figure 2.1.7: Geometry of the Ewald sphere construction: A) corresponds to the case of Cu Kα X-rays
(green sphere) and B) to electrons accelerated at 200 kV (red arch). The plots inside both figures are the
distributions of the scattering power for one of the reflections. The crystal size is 1000 Å and 100 Å for the
X-ray and electron cases, respectively, both along the direction of the incident radiation.

X-rays and neutrons have wavelengths that are related to Ewald spheres with radii around the order
of the reciprocal unit cell. Diffracted waves can be consequently excited in any direction and gonio-
metric stages need to be used in order to swing the detector through convenient angles. On the other
hand, electrons have a much smaller related wavelength and the Ewald sphere is much bigger than
the reciprocal unit cell. In this manner, the excitation of diffracted waves mainly come from the first
plane of the ODS, the so-called zero-order Laue zone (ZOLZ). A flat detector is usually placed after
the specimen and perpendicular to the direction of the incident beam and an almost planar section
of the ODS can be acquired.

Another difference between X-rays or neutrons and electrons is the crystal size required to produce
the diffraction phenomena. Crystals are in the micrometre regime when X-ray diffraction experi-
ments in individual crystals are performed, i.e. single-crystal X-ray diffraction. In consequence, its
ODS will consist of sharp distributions of the scattering power. The situation is different in electron
diffraction because crystals have to be thin enough in order to allow the transmission of the electron
beam. In this way, the shape function in reciprocal space along the direction of the incident beam will
be much broader than in the other directions, which results in an elongated distribution of the scat-
tering power along this direction. The extremely small wavelength and the need of very thin crystals
for electron diffraction provide the necessary conditions to simultaneously excite several diffracted
waves and produce diffraction patterns populated by a high number of spots, yet the quantification
of the reflection intensities become problematic.

Laue conditions and Bragg’s law are strict rules because they do not account for how the intensity is
distributed around each node of the reciprocal lattice, but they rather focus on the position of these
points. Equation 2.1.5 can be modified to add another vector, the excitation error ~sg, to take
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into account the deviation from the Bragg condition when the Ewald sphere still hits the scattering
power of the reflection and some intensity can be recorded. As it is sketched in Figure 2.1.8, the
excitation error depends on the intensity distribution as well as the length of the reciprocal vector
~g, since the Ewald sphere is further away from the ZOLZ according to the distance from the origin
of the diffraction space. This vector relation is mathematically described as

~kg − ~k0 = ~g + ~sg
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Figure 2.1.8: Sketch of the Ewald sphere intersection with two reflections of the diffraction space. Red
arrows correspond to the direction of diffracted waves, blue ones to reciprocal vectors and green ones to
excitation error vectors.

The shape function provides the broadening of the scattering power at the reciprocal lattice nodes
but also the beam conditions play a role on how reflections are acquired. They determine the volume
from the diffraction space that will be sampled. Two of the most influential parameters that cause
the widening of the Ewald sphere are the convergence angle and the wavelength spread, which are
sketched in Figure 2.1.9.

A crystal cannot be illuminated with a cylindrical flow of radiation due to the finite size of sources
and other optical limitations. Instead, beams always have an inverted cone-like shape that translates
into a distribution of the ~k0 directions. Intuitively, the Ewald sphere changes to a spherical shell
in which its thickness varies with the distance from the origin of the diffraction space as shown in
Figure 2.1.9A. In this way, a disk-shaped section is defined for each ~ki direction that samples and
integrate the diffraction space at that specific direction to result in its diffracted intensity.

The wavelength spread appears because no ideal monochromatic source can be designed, thus a
distribution of wavelengths is always present. In this case, the resulting shape of the Ewald shell
consists of Ewald spheres of different radii according to the spread of wavelengths as shown in Figure
2.1.9B. In this case, the integrating section is a line that varies in length and orientation according
to the scattered beam direction.
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A) B)Convergence	Angle	 Energy	Spread
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Figure 2.1.9: Two different effects that modify the initial and basic Ewald sphere concept: A) the conver-
gence angle and B) the energy spread. The purple sections on the spherical shells pointed by the different
wavevectors ~ki correspond to the sections of the diffraction space that will be integrated to give the intensity
for that ~ki direction. ZOLZ and FOLZ stand for zero-order and first-order Laue zones, respectively.

The combination of both experimental deviations mentioned above produces an integration shape
for the different directions of the diffracted waves that mostly varies with the scattering angle θ.
In consequence, reflections in a diffraction pattern will decrease their related intensity according to
the well-studied dependence on the atomic scattering factors to θ and the experimental conditions
used to acquire them [54]. In electron diffraction, the energy spread of electron sources is around 1
eV, which is equivalent to a wavelength width of 10−6 times the electron wavelength, thus its effect
on the integration shape is much smaller than the convergence of the beam as it will be shown in
following sections of this chapter.

A way to avoid these device limitations is to carefully study the diffractometer and implement a
respective function, called Lorentz factor, which is multiplied to the acquired reflection intensities
and usually depends on the scattering angle and the diffraction geometry [57, 58]. When working
in X-rays, the radiation polarization and the Lorentz factor are calculated together and applied as a
single factor, the LP factor. For a common case in which the emitted, monochromatic and scattered
beams are coplanar, the LP factor is written as

LP = 1 + A cos2(2θB)
(1 + A) sin(2θB) ; A = cos2 2θM

where θB is the Bragg scattering angle from the targeted crystal and θM is the Bragg scattering angle
from the monochromator. Then, the reflection intensity is approximated as

Ikin ∼ LP · |Fhkl|2
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2.1.6 Electron Diffraction Patterns and the Real Space
Electron diffraction patterns can be considered planar sections of the ODS to some extent, as shown
in Figure 2.1.7. At this point, it is appropriate to see which is the relationship between sections in
the diffraction space and the real space. The projection of ρ(~r) along the direction of the electron
beam, say the z-axis, can be mathematically described as

ρ(x, y) =
∞∫
−∞

ρ(~r)dz =
∫ ∫ ∫ ∫

F (~u) exp{−2πi(ux+ vy + wz)}dudvdwdz

The integral that runs over z results in the delta function, δ(w), as the integral of exp{−2πiwz}dz
can be considered the Fourier transform of the unit. Thus

ρ(x, y) =
∫ ∫ ∫

F (~u) exp{−2πi(ux+ vy)}δ(w)dudvdw =
∫ ∫

F (u, v, 0) exp{−2πi(ux+ vy)}dudv

which can be understood as ρ(x, y) being the inverse Fourier of F (u, v, 0). So that the inverse Fourier
transform of the intensity distribution of a diffraction pattern will result in the projection of the
generalized Patterson function along the beam direction. In this way, crystals can be considered as
two-dimensional phase and amplitude perturbations, which justifies the use of Fraunhofer diffraction
theory to describe the acquired diffraction patterns.
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2.2 The Transmission Electron Microscope as an Optical
System

The diffraction phenomena have been explained in the context of crystallography through the last
section. Now, the instrumentation required to produce and acquire electron diffraction data is going
to be described: the transmission electron microscope.

2.2.1 The Abbe Theory of Image Formation
During the beginning and middle of the XIX century, the scientific field of optics was mostly working
on the understanding and development of devices capable of resolving features that were far away
from the observer, in other words, telescopes. It was not until the work of Ernst Abbe in 1873
[59] and Hermann von Helmholtz in 1874 [60] that a theory of image formation by the diffraction
phenomena in a microscope started [61, 62]. The different idea that Abbe introduced was to treat
matter as a grating illuminated by plane waves, not as a luminous point like a star in a dark sky.
He also realised that the amount of rays taken from a diffraction pattern generated after a lens will
determine the final image.
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Figure 2.2.1: Ray diagram for a simple optical system of one lens. ψ0 is the incident plane wave, f(x, y)
is the object at the object plane that disrupts ψ0 , F (u, v) is the Fourier transform of f(x, y) at the bfp,
ψ(x, y) is the magnified image of f(x, y) at the image plane, s is the object distance, f is the focal distance
and s′ is the image distance. (x, y) corresponds to coordinates from the real space and (u, v) are from the
reciprocal space.

Figure 2.2.1 shows a geometric-optics diagram that summarizes the ideas of Abbe on the image for-
mation. Plane waves are disturbed by an object f(x, y) and waves are diffracted as a consequence
at different angles θ according to the Bragg’s law.
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At a distance s from the object, a thin lens is positioned in order to form an image at a distance s′
from the lens, following the thin lens equation

1
s′

+ 1
s

= 1
f

(2.2.1)

where f is the focal distance of the lens. Values for distances s and s′ are positive because the origin
is taken at the centre of the lens. f can be calculated by the lens maker’s equation

1
f

= (n− 1)
[

1
R1
− 1
R2

+ (n− 1)d
nR1R2

]
(2.2.2)

where n is the refractive index of the lens material, R1 and R2 are the curvature radii from the two
surfaces of the lens, and d is the thickness of the lens measured from the vertices of the surfaces. R1
and R2 are positive values if the light has not gone through the centre of curvatures before reaching
the surface and negative otherwise. For instance, R1 > 0 and R2 < 0 represents a convergent lens.
In the approximation of a thin lens, R1 and R2 are quite large, thus

1
f
∼ (n− 1)

[ 1
R1
− 1
R2

]
It is important to notice from Figure 2.2.1 that all rays scattered at an angle θB converge in the
same position at the back focal plane (bfp). This is equivalent to interference of waves at a point
from the infinity, thus the amplitude distribution at the bfp corresponds to the Fourier transform of
f(x, y). A Fraunhofer diffraction pattern can be acquired from this plane. In turn, the image formed
at a distance s′, called image plane, can be understood as an interference pattern from emission
sources at the bfp, hence the Fourier transform of the amplitude distribution at that plane. This is
a very interesting characteristic of the experimental setting because it allows the navigation through
the different planes of an optical system using the Fourier transform.

Mathematically, the optical geometry from Figure 2.2.1 can be explained as follows when small angle
or paraxial approximation is taken into account. All objects in an optical system can be described
as planar distributions that have a transmission function f(x, y). The propagation of waves in
a medium of refractive index n is described through the convolution with a propagation function
defined as (i/λs) exp{−πi(x2 + y2)/λs}. If a thin lens is considered, its transmission function can be
approximated to exp{πi(x2 + y2)/λf}. In this manner, a plane wave that is diffracted by an object
with transmission function f(x, y) and goes through a thin lens will produce an interference pattern
at a distance s′ from the lens given by

where multiplier constants have been omitted for clarification and the three brackets correspond to
the three different events occurring in the physical process. If convolutions are written as integrals, it
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can be demonstrated that ψ(x, y) is F (u, v) when s′ = f , which is equivalent to the Fraunhofer diffrac-
tion pattern with u ∼ x/λf and v ∼ y/λf . It can be seen as well that ψ(x, y) = f(−sx/s′,−sy/s′)
when equation 2.2.1 is used, hence the image is inverted and magnified by a factor s′/s, as expected
from geometrical optics.

This mathematical treatment also describes the image formed at an observation plane that is not at
the back focal neither the image plane, i.e. an out-of-focus image, and it can be understood from
two different points of view. The first one would be to consider that the in-focus image at the image
plane is propagated by a distance ∆s′ from this plane to create the out-of focus image. In this way,
the acquired image would be

ψout - of - focus(x, y) = ψin - focus(x, y)⊗ exp{−πi(x2 + y2)/λ∆s′}

The second one is to consider that the image is in-focus but it is imaging a plane that is ∆s away
from the object plane. Therefore, an object is imaged with transmission function

fshfited - plane(x, y) = f(x, y)⊗ exp{−πi(x2 + y2)/λ∆s}

and the amplitude distribution at the bfp will be

Fshifted - plane(u, v) = F (u, v) exp{−πiλ∆s(u2 + v2)} (2.2.3)

In this way, the defocusing of an object can be understood as an addition of a second order phase
term to the diffraction space that is sampled at the bfp. Higher order terms can be added when lens
aberrations are taken into account, which are later presented in this section.

Another interesting feature of this formalism is that it can be easily implemented in multi-component
optical systems. Particularly, modern TEMs, since they consist of several and comparable optical
components and deal with small scattering angles. The generalization is stated as follows:

A source radiation emits an amplitude distribution q0(x, y) and it goes through different planar
objects defined by transmission functions qi(x, y), where i = 1, ..., N . Being Ri the distance between
the i-th object and the (i+1)-th object, a propagation function pi(x, y) is defined following the small
angle approximation used in Fresnel diffraction as

pi(x, y) = i

Rλ
exp

{
−2πiRi

λ

}
exp

{
−πi(x2 + y2)

Rλ

}

Then, the amplitude distribution for N objects at a given plane of observation can be written as

ψN+1(x, y) = qN(x, y) [ ... [q1(x, y) [q0(x, y)⊗ p0(x, y)]⊗ p1(x, y)] ... ]⊗ pN(x, y)

The Fraunhofer diffraction pattern from these N objects is obtained by using the convolution and
multiplication theorems of the Fourier transform on ψN+1. The final equation is written as

ΨN+1(u, v) = QN(u, v)⊗ ... [Q1(u, v)⊗Q0(u, v)P0(u, v)]P1(u, v)...PN(u, v)

where the multiplications inside the brackets take place before the convolution.
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2.2.2 How to Focus Electrons
When trajectories of light rays have to be modified for a specific purpose, optical lenses that are
transparent to light are used. These lenses follow the lens maker’s equation (Equation 2.2.2) and
converge the rays coming from the infinite at the focal distance, i.e. rays parallel to the optic axis of
the system are focused in a specific point defined by the geometry and material of the lens. These
optical components cannot be used in a TEM because electrons cannot be deviated in the same way
as photons. Their optical path has to be modified with electromagnetic fields.
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Figure 2.2.2: Depiction of a cross-section from a magnetic lens. The blue arrows represent the magnetic
field generated by the current flowing through the copper wires in the direction out of (in) this sheet for the
left (right) part of the lens.

Electron movement is controlled by forces exerted by electromagnetic fields according to the Lorentz
force, ~Fem = (q ~E) + (q · v× ~B) [63]. While the electric field increases the energy of electrons because
it accelerates them, the magnetic field only modifies the velocity direction because the vectorial
product implies a force perpendicular to the velocity vector. For this reason, TEMs mainly contain
magnetic lenses which aim to set an electron beam suitable for the desired experiment. Although
electrostatic lenses could be used as well, they have higher spherical aberrations than the magnetic
ones under similar conditions, which hinder the achievement of high resolution [64]. In this con-
text, electrostatic fields in an electron microscope are only used in the electron sources in order to
give the required energy to the electrons and specific electron-optical components for energy filtering.

Hans Busch was the pioneer on the development of magnetic lenses. He theorised the focus of elec-
trons by a cylindrical magnetic lens in the paraxial approximation [65] and he proved it one year
later [66]. That was a big step towards electron microscopy because it triggered the work of Max
Knoll and Ernst Ruska on the early developments of the TEM some years later [67, 68]. Several lens
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designs have been studied and tested since then [69], but only the basic design used in TEM and
their mathematical modelling will be briefly described here.

Magnetic lenses in TEMs are designed to concentrate a strong magnetic field (up to 2-3 T, [70])
with azimuthal symmetry in a very narrow space. This ensures a short focal distance required for
atomic-resolution imaging. As shown in Figure 2.2.2, they are composed of Cu windings covered
by a shell of an unalloyed soft Fe (like Hyperm 0) and pole pieces made by a soft alloy of Co-Fe
(like Permendur or Vacoflux 48) in the middle of the lens. The gap between the pole pieces is very
important because it determines how the magnetic field will be distributed in the hole where the
electron beam will go through. According to Ampère’s law [71], the magnetic field of such design
will be proportional to the current flow through the Cu wires multiplied by the number of turns in
the coil. In this way, the magnetic field can be controlled externally with a potentiometer, i.e. a
knob in the TEM control panel.

When the differential equations from Newton’s law in cylindrical coordinates are used, an azimuthal
symmetry field with Bϕ = 0 is considered and the paraxial approximation is applied, the following
equation for the trajectory of electrons immersed in a magnetic field is obtained

d2r

dz2 = − qe
8m0V ∗

rB2
z (z) (2.2.4)

where V ∗ = V (1 + (qeV )/(m0c
2)). The component r of ~B was approximated to (−r/2)(∂Bz/∂z)

because of the paraxial approximation. This equation is known as the paraxial ray equation and
it describes the trajectory r(z) of electrons accelerated at a voltage V and rotating in a meridional
plane at the Larmor frequency ϕ̇ = (qe/2m)Bz(z).
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Figure 2.2.3: Glaser’s bell-shaped magnetic field distribution along the optic axis. Cylindrical coordinates
φ and z are displayed for reference. 2a is the FWHM of the field curve.
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The magnetic field in these lenses can be approximated by the Glaser’s bell-shaped field [72], showed
in Figure 2.2.3, which states that the magnetic field along the optic axis can be described as

Bz(z) = B0

1 + (z/a)2

where B0 is the maximum value of | ~B| at the centre of the lens (z = 0) and 2a is the full-width at
half-maximum (FWHM) of this distribution. When this expression is substituted into equation 2.2.4,
the resulting differential equation can be solved for an object in front of the lens and the following
solutions are obtained

z0 = a cot(φ0)
zIi = a cot(φIi) ∀i = 1, 2, ...

where

φIi = φ0 − i
π

w
; w =

√
1 + qeB2

0a
2

8m0V ∗

here φ is the polar coordinate that is 0◦ when z = +∞ and π when z = −∞. z0 is the object
distance, φ0 is the polar angle for the object in front of the lens (π > φ0 > π/2), and zIi are the
image distances given by φIi and the strength parameter w. The consequence of the expression for
zIi is that several image planes are possible.
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Figure 2.2.4: Trajectories of electrons through a bell-shaped magnetic field distribution towards negative z-
axis values. Rays are initially travelling parallel to the z-axis at a distance r0. Different strength parameters
w are considered. a corresponds to half of the FWHM of the Glaser’s bell-shaped function.
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Figure 2.2.4 shows the special case of electron rays initially moving parallel to the z-axis towards
negative z values and at a distance r0 that go through a Glaser’s magnetic field distribution for
different strength parameters [73]. Here the equations of the trajectories are

r

r0
= 1
w

sin(wφ)
sin(φ) ; z

a
= cot(φ)

For w between 1 and 2, electrons are focused on one single position after crossing the lens centre.
Therefore, there will be only one image plane when the strength parameter lies between these values,
which are common for these lenses [69]. In fact, w = 2 would be the optimum value in the sense
that it gives the shortest focal length [74]. When higher strengths are considered, such as 2.5 or 3.5
in Figure 2.2.4, electrons are focused one or more times before and after the lens centre.

The substitution of the φIi expression in the solution of zIi gives the following equation[
z0 − a cot

(
i
π

w

)] [
zIi + cot

(
i
π

w

)]
= −a2 csc2

(
i
π

w

)
(2.2.5)

which is equivalent to the Newton form of the thin-lens equation

(z0 − z(F0))(z1 − z(F1)) = f0f1

where F0 and F1 are the foci, and f0 and f1 are the focal distances before and after the lens. Although
both expressions are equivalent, magnetic lenses cannot be strictly treated as thin lenses because the
focal distances are different to the distances from the centre of the lens (z = 0) to the foci, z(F0) and
z(F1). Nevertheless, the equivalence means that real image formation is possible when the object is
not at the infinity, and it is characterized by the focal distance of the magnetic lens

f0 = −f1 = a csc
(
i
π

w

)
In practical terms, the behaviour of a magnetic lens can be treated as an optical lens. The focal
distance is decreased when the current through the lens is increased and, in consequence, the image
distance is decreased as well. The magnification of such image is defined as M = f0/(z0 − z(F0)) =
(z1 − z(F1))/f1.

Finally, the rotation angle between the object and the image is obtained by substituting the φIi
expression inside equation 2.2.4 and solving the integral. In this way, the final form of the angle is
given by

ϕ = k
π√

1 + k2

thus describing the helicoidal movement of the electrons through the optic axis of the microscope
depending on the strength of the lens.

Apart from the single or double pole piece lenses that follow the description from above, quadrupoles,
hexapoles and octupoles with four, six and eight coils, respectively, are also present in TEMs. The
main difference is that the magnetic field is perpendicular to the beam direction and the applied
Lorentz force is stronger. While quadrupoles and octupoles are present in all TEMs to shift, tilt and
correct astigmatisms on the electron beam, the other designs are only found in aberration-corrected
TEMs, which are microscopes with minimized lens aberrations.
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2.2.3 Aberrations: Deviations from the Ideal System

Real life is never an ideal system. Although the description of a physical phenomena by means of
a set of approximations helps to explain it in most current situations, fine details always become
important when experiments are performed to get the most of them. This exactly happens when
the resolution of a TEM is pushed to view smaller and smaller portions of a sample. The deviations
that the real TEM measurements have with respect to the results from the electron-optical model are
called aberrations, which they can be differentiated as chromatic, geometric and parasitic aberrations
according to their origin.

Chromatic aberration appears when electrons do not have a unique wavelength but a spread of wave-
lengths. Since the focusing power of a magnetic lens varies according to the strength parameter w,
electrons are focused at different distances from the lens, hence an ideal object point becomes a disc
in the image plane. Although this non-ideal situation is a limiting factor for both atomic-resolution
imaging and spectroscopic measurements, it gives an interval of focus values, so-called focus depth,
where the image is theoretically focused. Technically, the energy spread is given by the electron
source, e.g., around 1-1.5 eV for thermionic sources (single-crystals of LaB6 oriented along the [110]
direction) and down to 0.3 eV for field-emission guns (thin needles of single-crystal W oriented along
the [310] direction) in the case of TEMs working at 100 keV [75]. However, the interaction of the
electron beam with the sample also produces a spread in the electrons energy that depends on the
thickness and the elements in the specimen. The thicker the sample, the higher the energy dispersion
of the electron beam. Typical values are between 15 eV and 25 eV for most of the electrons going
through a foil of 50-100 nm [76].

The correction of chromatic aberration needs the use of several electromagnetic components. Elec-
trostatic and magnetic fields have to be used in order to disperse the electrons trajectory according to
their energy, and then a mechanical slit is positioned to select a portion of these electrons [77, 78]. If
such electron-optical elements are placed before or after the acceleration tube of the electron source,
they are called monochromators. They can provide electrons with energy spreads between 25-100
meV, yet the disadvantage is that the electron beam has a much smaller probe current (q/s) because
the slit is filtering out much of the electron beam. When they are placed after the specimen plane,
they are called energy filters and they are the bases for energy filtered imaging and electron energy
loss spectroscopy (EELS) acquisitions.

Geometric aberrations are consequence of perfectly cylindrical symmetry lenses. The way to obtain
the different contributions is to introduce a perturbation function on the paraxial ray equation (Equa-
tion 2.2.4). These contributions are the spherical aberration, off-axial coma, off-axial astigmatism,
curvature of image field and distortion, here ordered from the higher to the lower dependence on
axial angle [79]. Axial means that the aberration solely depends on the angle between the optic axis
and the ray direction with the origin at the object plane, i.e. its angular position with respect to the
lens. On the other hand, off-axial means that the aberration depends on the position at the object
plane outside of the optic axis but it can also depend on the axial angle. Since the objective lens in
a TEM is imaging a very small area of the sample, the spherical aberration is the main contributor
to its deviation from the ideal Gaussian wave. In fact, Otto Scherzer demonstrated in 1936 that
this aberration cannot be avoided at all [80]. However, Scherzer also noted that it can be partially
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compensated by a specific defocus value [81]. When the magnifying system of the microscope is
considered in the final image formation, the off-axial aberrations have to be taken into account for
accurate modelling.

Parasitic aberrations appear due to the deviation from the ideal symmetric system: non-perfect
cylindrical symmetry of the lenses bore, microstructural inhomogeneities of the lenses iron, mechan-
ical misalignment of the sequence of lenses, contamination on the apertures that generate charging
effects or misalignment of mechanical apertures. These aberrations are axial astigmatism and axial
coma. The most common one is the two-fold astigmatism and it is routinely corrected by the use
of octupoles called stigmators. In terms of stronger effect, axial-coma and three-fold astigmatism
follow two-fold astigmatism but they can be minimized by a proper alignment of the electron beam
tilt with respect to the optic axis [82].
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Figure 2.2.5: 3D rendering of the different distortions introduced to the wavefront up to the fifth order
according to the aberration function χ(ω). Each aberration includes the notation given by Krivanek et al.
[83] and Uhlemann et al. [84], respectively. C0,1 or A0 correspond to image shift, thus it does not introduce
any distortion to the wave because it is only a constant.

Mathematically, axial aberrations can be grouped in an aberration function that is expanded in a
double power series of axial angles αnxαmy . Physically speaking, this function represents the deviation
of the wavefront from an ideal spherical wave. A compact mathematical notation using a complex
angle ω = αx + iαy that has a specific azimuthal dependence can generate a sequence of terms
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separated by azimuthal orders. In this way, the aberration function χ(ω)

χ(ω) = 2π
λ
Real

[∑
n=1

n+1∑
s=0

1
n+ 1Cnm ωs(ω∗)n+1−s

]

where m = 2s− n− 1 is the azimuthal order of each term and coefficients Cnm are complex. Several
terms can be repeated in this summation but only one of each form is kept. Expanding this series
to the fifth order yields

χ(ω) = 2π
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where C1,0 is defocus, C1,2 is two-fold astigmatism, C2,1 is coma, C2,3 is three-fold astigmatism, C3,0
is spherical aberration, C3,2 is two-fold astigmatism of C3,0, C3,4 is four-fold astigmatism of C3,0, C4,1
is fourth order coma, C4,3 is fourth order of three-fold astigmatism, C4,5 is five-fold astigmatism, C5,0
is fifth order spherical aberration, C5,2 is two-fold astigmatism of C5,0, C5,4 is four-fold astigmatism
of C5,0 and C5,6 is six-fold astigmatism of C5,0. This is the notation employed by Krivanek et al.
[83] to define the different coefficients, but another notation established by Uhlemann et al. is also
used in other works [84]. A translation table between different notations is found elsewhere [85].
Figure 2.2.5 shows the graphical representation of the angular deviation of a beam for each of the
aforementioned distortions classified according to its radial and azimuthal order.

The use of χ(ω) allows introducing the effect of aberration to the image formation of the objective
lens. In diffraction space, this is the modulation of the different frequencies (or scattering angles) by
a complex function

H(u, v) = exp{−iχ(u, v)}
and following equation 2.2.3, the resulting interference pattern in the bfp of the objective lens is

Faberrated(u, v) = F (u, v)H(u, v) = F (u, v) exp{−iχ(u, v)}

The different coefficients can be independently characterized for each microscope and electron-optical
devices are commercially available to correct them [85, 86]. These are ensembles of lenses with
quadru-, sex-, octu-, dodeca- and/or even twelve-poles coils that are especially designed to correct
the aberrations by introducing negative coefficient values in such a way that the related distortions
are highly minimized or suppressed. In fact, most modern correctors are able to correct chromatic
and spherical aberrations at the same time [87].

2.2.4 The Optical Configuration of a TEM
Modern TEMs are designed with multiple electromagnetic components and detectors in such a way
that they are engineered for a desired purpose, mostly analytical or atomic-resolution imaging ex-
periments. The most advanced and unique TEMs are designed for multi-purpose experiments at the
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atomic scale [88, 89]. Figure 2.2.6 shows the schematics of the most important electron-optical and
mechanical components of modern multi-purpose TEMs. Nevertheless, the initial design used by
Ernst Ruska at the end of 1933 that stated the bases for the subsequent technical development of
the TEM is used here as the starting point [90].
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Figure 2.2.6: Schematics of the most important electron-optical and mechanical components of a modern
TEM.
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A TEM is based on three optical parts with their different functions; the condenser, the objective and
the projector systems, which are arranged in this order when the TEM column is viewed from top to
bottom. The aim of the condenser system, also called illumination system, is to collect the electron
beam from the source and bring it to the object. The objective system is responsible for the creation
of an image or diffraction pattern of the illuminated object. Subsequently, the projector system
controls which plane to see from the objective lens (back focal or image plane) and the magnification
of such projected plane. Initially, each system consisted of one magnetic lens of small focal length
that allowed a maximum magnification of 12000 [90, 91]. Nowadays, it is far more complex as they
consist of several lenses, minilenses, apertures and different coils. Here the single or double pole-piece
lenses and the quadrupole, hexapole or octupole lenses are distinguished by simply referring to the
former as lenses and the latter as coils. A minilens is a smaller lens that behaves as a normal one
but it has to be energized by higher currents and it needs a better water-cooling system. The use of
such lenses is advantageous to reduce the height of the TEMs. Apertures are literally holes in thin
plates that can be inserted in the TEM column in order to limit the beam that goes through the
optic axis. They are commercially available with dimensions as small as 5 µm in diameter.

Modern condenser systems are made up of three or four lenses, several coils, one or two apertures
and sometimes a minilens. The aim of the first condenser lens (CL1) is to magnify or de-magnify
the image of the electron source created by the electromagnetic system that provides the accelerated
electrons, thus it controls the beam size. The higher the lens current, the smaller the focal distance
and the electron beam will be focused closer to the lens centre. In most commercial TEMs, this is
controlled by the parameter called Spot Size. The higher its number, the higher the lens current, the
smaller the beam size and current. The beam current decreases with the Spot Size number because
the beam deflection is increased and the electrons with higher tilt with respect to the optic axis will
hit the TEM column, which is electrically connected to the ground. The functions of the next CLs
depend on the configuration of the condenser system.

• Condenser System with 2 CLs. The second condenser lens (CL2) is used to adjust
the illuminated area on the specimen by bringing the electron beam to the pre-field of the
objective lens (pre-OL). The variation of the CL2 strength changes the image position of the
CL1 crossover (that is the object for CL2) and it is brought near to the front focal plane (ffp)
of the pre-OL, which usually has a fixed current. CL2 is controlled by a knob in the control
panel called Intensity or Brightness. A set of apertures is introduced after the CL2 (in Thermo
Fisher TEMs, former FEI, it is usually called CL2 apertures) in order to limit the beam current
and the convergence angle of the beam when this is focused. After the condenser aperture
(CA), two sets of coils are placed, so-called deflector coils (DC), in order to allow the shift
and tilt of the beam at the specimen plane. Previous to properly use them, they have to be
adjusted with the help of voltage wobblers to enable a tilt without shift and a shift without tilt.
Another coil is also introduced in the same area of the deflector coils to correct the astigmatism
of the beam caused by the condenser lenses, which is frequently called condenser stigmator.

Such configuration is limited because the convergence angle cannot be tuned as desired since
it is defined by the excitation of CL2 and the size of CA, i.e. the illuminated area. This lack of
flexibility is disadvantageous for the idea of a multi-purpose TEM, yet it is enough for standard
image and diffraction experiments.
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• Condenser System with 2 CLs and 1 CM. Basically, this system is similar to the previous
one but a condenser minilens (CM) is introduced closer to the objective lens of the objective
system. The use of three lenses results with one more possible crossover of the electron beam
before it reaches the sample. This allows the control of the convergence angle because the CM
is responsible to bring the beam to the pre-OL. For a given strength of the OL, the more CM
current, the less CL2 strength to focus the beam on the specimen; therefore, less convergence
angle. Another important point of this configuration is that the CA plane is conjugate to the
bfp of the post-field OL. This means that the CA is seen when the TEM is switched to view
the diffraction plane. To sum it up, the combination of the CA size and the CM strength
determines the convergence angle of the beam.

Here the CL2 is controlled by the Brightness or Intensity knob and it is tuned to select the
sample area to be illuminated as well. The CM current cannot be changed continuously by
a knob because it requires the adjustment of time-consuming alignments and it can only be
modified in this way by means of a free lens control module. Nevertheless, default illumination
modes are available with different stored CM excitations and coils alignments. In JEOL mi-
croscopes like the JEOL 2100, the parameter that controls the CM excitation is called Alpha
and it can vary from 1 (most parallel beam) to 9 (high-convergent beam). In the old ARM200
series from JEOL, only two options for the convergence setting are available, which are called
S for a small convergence angle beam and L for large convergence angle beam. In case of the
Tecnai series from Thermo Fisher, only two illumination modes can be selected: Microprobe
for a parallel beam and Nanoprobe for a convergent beam.

Although the CM provides the necessary conditions to set different beams, the beam size can-
not be changed without the variation of the convergence angle, i.e. the convergence angle is
not independent of the spot size.

• Condenser System with 3 CLs. This configuration is based on the use of three condenser
lenses in which the CM is substituted by a third condenser lens (CL3), but it is placed closer
to CL2 than the OL. Such optical arrangement allows the realization of Köhler illumination
in a TEM [92], which was initially thought for light microscopy [93]. The main idea of this
parallel illumination is to keep the image of the electron source to the ffp of the pre-OL by
the CL3 and the imaging of the CA into the specimen plane by the pre-OL. In this way, the
illuminated area of the sample is defined by the CA, which is located at the CL3 plane in this
case, and the pre-OL strength. On the other hand, the convergence angle is determined by
the (de-)magnified source image produced by the CL1 and CL2. The only disadvantage is that
the illuminated area is limited by the mechanical size of the CA and this may not be desired
for some experiments [94]. Such non-CM configuration was developed and commercialized by
Zeiss Microscopy company but its TEM unit was discontinued some years ago.
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When convergent beams are required, the three CLs are tuned to (de)magnify the electron
source as much as needed and place it on the image plane of the pre-OL. Here the convergence
angle and beam size are dependent on the CL2 and the CA once again. All TEMs achieve
the most convergent beams by using this optical approach with the CM off of their condenser
systems.

• Condenser System with 3 CLs and 1 CM. This is the condenser system used by all modern
TEMs and enables the possibility to independently control the beam size and the convergence
angle. The first two CLs are responsible to control the spot size and the beam current at a
fixed image plane of the CL2. CL3 and CM control the convergence angle and the illuminated
area of the specimen. Illumination based on focused beams is obtained by placing the CL3
image at the ffp of the CM, which brings the image to the infinity for the pre-OL and this acts
as an ocular for the sample. In case of parallel beams, the CM brings the crossover to the ffp
of the pre-OL [95].

The objective system is the core of a TEM because it contains the goniometric stage that allows
the introduction of samples in the microscope, and the double pole piece lens (objective lens, OL)
from which images and diffraction patterns of these specimens can be obtained. It also contains
an objective minilens (OM) that is used to obtain images at very low magnification values when
the OL is switched off, a stigmator to correct the OL astigmatism (objective stigmator), and an
aperture located at the bfp of the post-field OL (objective aperture, OA).

• Goniometric Stage. It is a mechanical system located in-between the pole pieces of the
objective lens that is used to insert and retract different sample holders by means of an airlock,
and move the sample along x, y and z directions and tilt it (alpha). The α-tilt is available in all
goniometric stages and it corresponds to the axial direction of the holder axis. The tilt through
the perpendicular direction of α is only possible when the holder has a plate designed for this
tilting capability. The most sensitive stages include piezoelectric sensors for almost mandatory
fine movement of the specimen (down to 20 pm per step) in atomically resolved experiments.

• Objective Lens. It was initially designed as a magnetic lens positioned below the specimen in
such a way that the OL magnetic field was very weak at the sample plane [68]. Due to its higher
spherical aberrations, low probe current and limited tilting capabilities because of the interfer-
ence with the upper pole piece, the design was switched to the one proposed by Walter Glaser
[72]. This magnetic lens is designed with two lenses; one is positioned above the sample (pre-
OL) and the other one below (post-OL). The unalloyed soft iron case covers both of them. The
specimen is immersed in the magnetic field where the axial component is strongest, following
the magnetic field model of Glaser [64]. The pre-OL works as a condenser lens for the in-coming
electron beam while the post-OL acts as the objective lens of a typical optical system, which is
the reason why this type of OL is frequently called single-field condenser objective and the TEM
column is sometimes divided between the probe-forming system and the image-forming system.

This OL type is still kept by TEM manufacturers but the geometrical design of the pole pieces
and the gap between them changes with the main purpose of the microscope. An analytical
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TEM needs an OL with a large gap in order to be able to tilt the holder at higher angles be-
fore it touches the pole pieces (an undesired event) and to measure emitted X-rays, secondary
electrons or elastic backscattered electrons with different detectors. An atomic-resolution TEM
requires a shorter gap pole piece because it needs a uniform and isotropic magnetic field over
the illuminated area to have the maximum wave coherence for atomically resolved images. Re-
cently, two OLs have been used to create a magnetic field free environment at the specimen
plane to measure magnetic materials with atomic resolution [70].

In comparison to the high strength variations that are applied to the condenser lenses, the OL
current is kept most of the time around a fixed and stored value that can be recalled anytime
by means of a button in the TEM control pads, called Std Focus in JEOL microscopes and
Eucentric Focus in Thermo Fisher microscopes. TEM manufacturers set this value because it
ensures minimum spherical aberrations of the lens and it also determines the position of the
objective, condenser and selected area apertures since they have to be placed in the bfp of the
post-OL, a conjugated plane of the post-OL bfp in the condenser system and the image plane
of the post-OL, respectively.

• Objective Aperture. This aperture is quite important for the imaging process. Since it is
placed at the bfp where the diffraction pattern is formed, it can be used to limit the diffracted
waves from the sample that are going to interfere to create the image. If a small aperture
is used and placed at the centre of the diffraction pattern, a diffraction contrast image will
result. When it is placed in such a way that only one of several scattered beams are selected,
an image will be formed that contains brighter areas from where this selected diffracted wave
come while the rest would be darker, i.e. with reverse contrast. The former case is referred
as bright field imaging and the latter one is referred as dark field imaging. They are the basic
imaging operations in a TEM. If a bigger aperture is used that takes the primary beam and
several scattered ones, a phase contrast image will be obtained that depends on the sample
orientation, thickness and crystallinity.

The projector system, or imaging system, is the last optical part of a TEM column and its aim is to
transfer the image or diffraction pattern created by the post-OL to the different detectors. Initially,
the projector system consisted of one lens that highly limited the magnification [91]. Later on, an-
other lens was added to have an independent control of the optical plane that is going to be visualized,
i.e. the bfp or the image plane of the OL, and its projection to the fluorescent screen or photosensitive
film [64]. Nowadays, modern TEMs have a projector system with two sets of coils to shift the image
created by the OL, so-called image coils (IC), a stigmator (projector stigmator), four lenses in
order to have a flexible image formation system, and another set of coils (projector coils) before
the last lens to shift the final projected plane without affecting the magnifying part. It also contains
an aperture, called selected-area aperture (SAA), that is placed at the image plane of the post-OL.

The first lens is called diffraction lens (DL) and it is responsible to switch between image and
diffraction mode. Its current is highly changed in image mode according to the selected magnifi-
cation, while in diffraction it is slightly tuned from a reference value to finely focus the diffraction
patterns. The OL current is gently tuned as well but only when the exact focus of the image has



2.2. THE TRANSMISSION ELECTRON MICROSCOPE AS AN OPTICAL SYSTEM 37

to be found. The DL works in a similar way as an objective lens but in the diffraction plane. Two
lenses called intermediate lens 1 (IL1) and intermediate lens 2 (IL2) are subsequent to the DL.
Their current is changed according to the projection mode and the magnification (image) or camera
length (diffraction pattern). The last lens is called projector lens (PL) and its function is to bring
the projected plane from IL2 to the detection plane.

When the projector system is in image mode, there are generally three main optical regimes. The
first one is usually called low mag and the principal difference is that the OL is switched off and the
objective minilens is on. The rest of the lenses below the OL are low excited. This approach enables
the projector system to obtain images at magnifications as low as 50, which is quite useful to find the
region of interest (ROI) at the beginning of a TEM session. Another optical regime called Mag
or SA is available for middle to high magnifications. The OL is switched on again and the objective
minilens is off. In this case, DL and IL1 currents are increased while IL2 current is decreased in
order to gain magnification. The reduction of the IL2 strength makes the ffp of the IL2 to match
the image plane of the IL1; hence, it creates an image that comes from the infinity for PL. Finally,
higher magnifications are achieved in the High Mag optical regime. Here DL and IL1 are strongly
excited and IL2 is switched off. In the diffraction mode case, the projector system works in the same
optical regime most of the time since the physical size of the diffraction pattern in a detector does
not change as much as an image. The DL current is kept around a reference value, as mentioned
above, and IL1 and IL2 currents are tuned to increase or decrease the camera length. Generally, IL1
strength is increased and IL2 is decreased to create a magnified diffraction pattern in front of the PL.

It is worth to note that the TEM optical system described here is the simple and averaged one of
contemporary microscopes. Extra pair of coils, different apertures and energy filters can be added
to the TEM column for specific measurements. The most frequent add-ons are the lens aberration
correctors. They are differentiated according to their physical location: before the pre-OL and after
the post-OL. Pre-OL correctors or probe-correctors are placed between the CL3 and the deflector
coils to produce highly convergent and angstrom-sized electron beams. Post-OL correctors or image-
correctors are placed between the objective minilens and the image coils to produce images in TEM
mode with atomic resolution. Further details and key references on the development of such complex
systems can be found in the excellent review by Peter W. Hawkes [96].
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2.3 Scanning Transmission Electron Microscopy - how does
it work?

A transmission electron microscope has two main operation modes. The first and obvious one is the
TEM mode, which is based on the illumination of the area of interest of a sample by a spread electron
beam. The second one is the scanning transmission electron microscopy (STEM) mode. The
fundamental idea is the same as the scanning electron microscope (SEM) but transmitted electrons
are used instead of secondary electrons. STEM mode consists in focusing the electron beam on
the specimen plane by means of the condenser system and the pre-field OL to maximize the de-
magnification of the emitter source. In this condition, sawtooth signals of selectable amplitude (for
magnification control) are sent to the deflector coils to scan or raster the focused beam over the ROI.
The DCs are used to send the beam to the ffp of the pre-OL, which ensures that the electron beam
emerging from this pivot point scans the specimen parallel to the optic axis. The projector system is
kept in diffraction mode during the scanning and the image is formed by electronic processing of the
primary beam intensity (bright field, STEM-BF) or the overall intensity from the scattered beams
(dark field, STEM-DF). In this way, each scanned beam position corresponds to a pixel location on
a digital frame.

The first STEM was built in 1939 by Manfred von Ardenne working for Siemens in Berlin, but the
resolution obtained using this microscope setup was lower than in TEM mode due to the filament
sizes used as electron sources [97]. Therefore, there was no real benefit to switch to STEM. Around 30
years later, Albert Crewe and coworkers developed the field emission gun (FEG), which improved
the achievable beam diameters with respect to thermionic emission sources [98]. They coupled the
FEG in a simple STEM-dedicated microscope that was operated at 30 kV and they were able to
obtain images with higher resolution than the static TEM mode at that time [99, 100]. The use
of a FEG was doubly beneficial. First, it allowed a convergent electron beam much smaller than
the attainable with a thermionic source, therefore lateral resolution was highly increased in STEM
and proved to be comparable to TEM mode. Second, the brightness of a FEG, which is defined
as the current density per unit solid angle of the source, is 10 times higher than that of a LaB6
thermionic source. This boosted immediately analytical applications such as energy-dispersive X-ray
spectroscopy (EDS) and EELS measurements. Nowadays, TEMs are designed in such a way that
they can be operated in both operation modes, usually referred as (S)TEMs, and the achievable
resolutions in both modes are similar if no mode-specific electron-optical component is added.

Different detectors are used to integrate the intensity from transmitted beams in STEM mode. The
two most common ones are the semiconductor detectors and the scintillator-photomultiplier (PM)
detectors. Semiconductor detectors are formed by single-crystal sheets of doped silicon designed as a
p-n junction. A signal is generated by the creation of electron-hole pairs when a high-energy electron
hits these sheets. It takes a few nanoseconds to remove the created carriers from the detection area
but a large capacitance of the electronics makes it not very responsive to rapid changes in signal
intensity. On the other hand, scintillator-PM detectors are composed by a fast decay time scintillator
material, like a yttrium-aluminium garnet or a perovskite, and a photomultiplier that is connected
to the scintillator via a light pipe. This detector has lower noise level and it is faster than the semi-
conductor detector. These conditions ensures scanning speeds down to µs per pixel, thus 1 Hz frame
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refreshing is feasible. Although the energy-conversion efficiency is lower, it is preferred for STEM
imaging.

HAADF
ADF

BF

Figure 2.3.1: Schematics of the three different available STEM detectors according to the collection angle:
bright field (BF), annular dark-field (ADF) and high-angle annular dark field (HAADF).

Both detector types can be designed in different shapes to acquire different forward scattered beams,
schematically shown in Figure 2.3.1. A detector that is designed to detect the primary beam and the
close-by intensity is usually referred as STEM-BF detector. Then, annular detectors that are circular
but with a hole in the centre from where the primary beam will go through are frequently called
STEM annular dark field (ADF) detectors. In general, the usual angular interval for STEM-ADF is
between 1◦ and 3◦. When the diameter of the inner ring of the detector is even bigger (geometric an-
gles bigger than 3◦), then they are called STEM high-angle annular dark field (HAADF) detectors.
Although the geometric angular range for the active area of these detectors is fixed, the amount
of radiation that reach them can be modified by changing the camera length, i.e. the diffraction
“magnification”. Moreover, these three different designs can be azimuthally segmented in 2, 4 or
even 16 parts and differential phase contrast imaging of magnetic and electric fields can be mapped
[101, 102, 103].
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2.4 Convergent and Quasi-Parallel Beam Illuminations
The beam illumination in TEM mode and STEM mode can be differentiated by the use of a spread
or focused beam for imaging, as it is sketched in Figures 2.4.1A and 2.4.1B. Using STEM mode,
the electron beam is usually referred as electron probe due to the similarity to other scanning
techniques. In this context, one important parameter for diffraction pattern acquisitions needs to be
introduced that describes the illumination setting of the electron beam, the convergence angle.

α α αα

A) B)

C) D)

TEM	Mode STEM	Mode

Quasi-Parallel	Probe Convergent	Probe

Figure 2.4.1: Sketch of the two possible operation modes in a TEM; A) the TEM mode and B) the STEM
mode. C) and D) correspond to the two different illumination modes that the electron beam can adopt. α
is the convergence angle of the electron probes. Note that the beam diameter changes with the convergence
angle.

The convergence angle, α, is the maximum tilt that electrons from the electron beam have at the
specimen plane with respect to the optic axis. In this work, a beam with low convergent angle (<
2 mrad) will be called quasi-parallel beam and a higher convergence angle beam will be called
convergent beam. An example of such two beams while illuminating a particle is sketched in Fig-
ures 2.4.1C and 2.4.1D. The measurement of this angle is practically impossible when the projector
system is in image mode, but it is possible if it is switched to diffraction mode. Since the bfp of the
post-OL can be considered an angular plane in the sense that distances from the primary beam are
equivalent to scattering angles, the measurement of the FWHM of non-saturated reflections from
very crystalline materials can be used to calculate the convergence angle.
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By using Bragg’s law and the paraxial approximation

2 dhkl sin θB = λ

2 d θ ≈ λ

d 2θ ≈ λ

α = 2θ ≈ 1
d
λ

where 1/d is half of the FWHM of a non-saturated reflection and λ is the electron wavelength. This
method is a rough calculation because mosaicity (spread of crystalline orientations in a single-crystal)
and the point spread function of the detector (spread of intensity to more than one pixel cell) is not
taken into account, yet it still provides a good approximation for characterizing the beam illumina-
tion. Some literature define the convergence angle as two times the convergence angle defined here,
thus it points out the inverted cone shape of the beam on the sample. That is the reason why in these
publications our convergence angle corresponds to the convergence semi-angle [76, 104]. However, the
electron beam has not exactly an inverted cone shape because the tip is not infinitely sharp, it has a
finite size that is the probe diameter, and that is the reason why the definition given here is preferred.

The convergence angle is tuned with the lenses from the condenser system and it is limited by the
CA. As the post-OL bfp is conjugated to the plane of the CA, the effect of the aperture size on the
convergence angle can be directly observed by changing it while being in diffraction mode. However,
the aperture sizes are limited to 5 µm due to mechanical difficulties but also because beam currents
are highly decreased and very low amount of electrons could reach and image the sample. It is worth
to note that neither the OA nor the SAA will modify the convergence angle as they are placed below
the specimen. The angle of the electron beam with respect to the optic axis below the sample plane
is called collection angle and it can be changed by the OA.

Microscope aberrations depend on how much the electron beam is tilted with respect to the optic
axis. The more the electrons are tilted, the higher the convergence angle, the higher the aberrations
contribution. While working with high resolution imaging in TEM mode, a balance between beam
current and convergence angle has to be achieved in order to have enough intensity and small con-
tribution of the aberrations. A CA of 50 or 100 µm is usually inserted and the TEM is operated
at a medium-high spot size. An OA may be inserted as well to block the highly scattered beams
that contribute to the blurring of the image. If the convergence angle is still too big for a desired
experiment or resolution, the electron beam can be spread even more than the imaged area to sim-
ulate a reduction of α, that is because the highly tilted electrons will be deviated to the TEM column.

High resolution imaging in STEM mode is approached in a different way. STEM mode works with
an electron probe. Therefore, the attainable resolution of high resolution STEM imaging is directly
linked to the size of the probe. The smaller the probe size, the smaller the scanning step without
illuminating specimen area of the previous position. However, physical and technical constrains limit
the minimum beam diameter. If the de-magnifying capability of the condenser system is higher
than the following limitations, which is a totally valid assumption for modern TEMs, the minimum
beam diameter can be determined according to three different contributions that depend on the
convergence angle:
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• Source diameter. This is the Gaussian diameter determined by the brightness B of the source
and the probe current Ip on the sample [105]

dG =
 2
π

√
Ip
B

 1
α

• Aberration-limited diameter. Spherical aberrations produces a disk in the image plane of
an object point. The minimum diameter of this disk is formed at a plane before the image
plane called plane of least confusion [106]. The FWHM of this disk is given by

dS = 0.3 C30 α
3

• Diffraction-limited diameter. This is the limit imposed by the diffraction phenomena.
When a circular aperture is illuminated by a uniform illumination, the results is a pattern of
concentric rings called Airy pattern [107]. The expression for the FWHM of the bright central
disk of this pattern is

dD = 0.517 λ 1
α

The final probe size can be calculated by adding these three contributions in quadrature [108]

dT =
√
d2
G + d2

S + d2
D

Despite its simplicity, this expression gives an idea on which parameters need to be taken into account
when working at different convergence angle regimes. Figure 2.4.2 shows a plot of the three different
contributions. A single plot for the source contribution is misleading because it presupposes that
the convergence angle can be highly tuned without modifying the aperture, thus the probe current.
For this reason, an interval is displayed that has a lower limit defined by the usual settings of a FEI
Tecnai F30 for diffraction pattern acquisition (Ip = 1.5 x 10−13 A), and an upper limit determined
by small probes used in elemental mapping (Ip < 1 x 10−9 A [104]).

When working with quasi-parallel probes in STEM mode, the probe current is low and the beam
diameter is limited by the diffraction of the beam through the CA. On the other hand, a convergent
probe for spectroscopy or atomic-resolution imaging easily exceeds 5 mrads [88, 104] and the lens
aberrations strongly limit the minimum achievable diameter of the beam. Since the diffraction limit
for low α is completely unavoidable, the efforts for atomic-sized probes were logically directed to
higher convergence angles with the enhancement of the pole pieces from the objective lenses and the
development of correctors, hence the preference to work with a convergent probe in STEM mode.
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Figure 2.4.2: Log-log plot of the minimum probe diameters at FWHM against the convergence angles of
the different possible contributions. The source contribution is split into an interval to take into account
different probe currents, lower limit at Ip = 1.5 x 10−13 A and upper limit at Ip = 1 x 10−9 A. The values
B = 5 x 108 A/cm2sr, λ = 0.0197 Å and C30 = 1.2 mm were used to simulate a FEI Tecnai F30 S-Twin
operated at 300 kV.
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2.5 SAED against NBED
There are two methods to acquire diffraction patterns with a TEM; the selected area electron
diffraction (SAED) and the nano-beam electron diffraction (NBED). Both techniques result in
the formation of a diffraction pattern from a desired area of the TEM sample, but the main difference
is how to select this area. An important alignment that has to be followed for diffraction, as well
as for imaging, just after the holder is inserted, is the adjustment of the z-axis to the eucentric
plane or eucentricity. This is the z-position of the stage in which the image is focused with the
OL at the reference current value and the lateral displacement of particles is minimized when the
stage is tilted around the primary tilt axis of the holder (the α-tilt). This procedure ensures that the
specimen plane is located at the object plane of the post-OL and, in consequence, the image plane
is conjugated to the specimen plane.

SAED relies on the SAA to choose the ROI. Since this aperture is placed in the image plane, all
electrons going through it form the diffraction pattern on the detector. The SAA acts as an aperture
(virtual aperture) in the specimen plane. Another way of interpretation is that the diffraction pat-
tern has already formed from the whole illuminated area defined by the condenser system and the
SAA only accepts the diffracted waves related to the selected part of the image. While the projector
system is in image mode to select the diffracting area, the DL should be tuned if possible in order to
have a sharp image of the aperture to ensure that the image plane of the OL is correctly projected.
The SAA and the focused beam should be placed at the middle of the fluorescent screen in order to
have the most azimuthal symmetry of the beam intensity, which avoids undesired distortions of the
diffraction patterns caused by highly tilted rays. The optical regime for the projector system during
imaging has to be the SA because it makes sure that the selected part of the projected image plane
is the responsible of the final diffraction pattern in the detector. Once all these considerations are
taken into account, the electron beam is spread to simulate a quasi-parallel beam and the projector
system is switched to diffraction mode. At this point, the DL should be finely tuned to have the
sharpest reflections and a proper SAED pattern can be acquired.

NBED does not use the SAA, instead the beam is focused on the area interested to diffract at. This
means that the reflections diameter in the diffraction patterns will be mainly determined by the
convergence angle of the electron beam. In this way, two kinds of patterns can be distinguished;
one with disk-like reflections, also known as convergent beam electron diffraction (CBED) patterns,
and the other one with sharp spotty reflections similar to SAED patterns, named NBED patterns.
CBED patterns are very interesting because the features inside the disk-like reflections are purely
based on dynamical diffraction, i.e. multiple-scattering events occurring when electrons are going
through the crystal. Therefore, the determination of all point groups is possible by the identification
of symmetries inside the CBED reflections [109]. Nevertheless, space groups can also be determined
by means of spotty-like reflections, which is going to be shown in chapters five, six and seven of this
work. An important step while acquiring NBED patterns is to tune the DL excitation to project
the bfp of the post-OL, because the sharpness of the reflections cannot be used as in SAED due to
the convergence angle. In this situation, the OA is inserted and the DL strength is changed until
the aperture is in focus. The DL value in diffraction mode is usually around a fixed value and it is
equivalent to the OL standard value in image mode.
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The comparison between both methods shows that they are complementary. SAED does not require
a special illumination setting and an intense beam can be used at all times as it will be highly
spread during the diffraction pattern acquisition. Special care has to be taken for the intensity of
the primary beam to avoid burns on the detector used for the acquisition. On the other hand, the
minimum illuminated area is restricted to about 400 nm using a 10-µm SAA [76] and the mechanical
position of the aperture limits its movement precision. NBED gets rid of these limitations because it
is working with a beam whose size is limited by the diffraction of the CA and it can be precisely and
flexibly positioned through the deflector coils. For a convergence angle of around 0.1 mrad that can
be obtained in SAED, the achievable minimum beam diameter for a 300 kV TEM in NBED decreases
down to ∼ 100 nm. However, a special alignment for a quasi-parallel beam has to be carried out and
the smallest CA is usually necessary, which turns into a low intensity beam that may be inconvenient
in some measurements. The procedure and workflow to set and characterize such electron beam for
its use in any diffraction pattern-related experiment are explained in the third chapter.
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2.6 Precession Electron Diffraction
Precession electron diffraction (PED) stands for TEM applications which use an electron beam that
precesses at the specimen plane. It is similar to the Buerger precession method in X-ray crystallog-
raphy where the stage is precessed instead of the X-ray beam [110]. Although technically different,
the core idea is the same: the wobbling of the Ewald sphere in the diffraction space that results in
the reflections integration at the detector.

DC1

DC2

pre-OL

post-OL

IC1

IC2

Specimen	Plane

post-OL	bfp

post-OL	Image	Plane

Precessing	Signals

Counter-Precessing
Signals

Figure 2.6.1: The trajectory of the electron beam in a TEM with (orange contour beam) and without
precession (full red beam). The optical diagram has been simplified without minilenses, apertures and
stigmators for better understanding of the beam behaviour while precessing. DC stands for deflector coils
and IC for image coils.

The precession movement of the electron beam is achieved by sending sinusoidal signals to the de-
flector coils in order to produce an inverted illumination cone, also called rocking illumination in
some publications, that moves at the frequency set by these signals (up to 400 Hz depending on the
coil driver filters of the TEM electronic boards) and pivots with the tip of the cone at the specimen
plane. To recover a pseudo-stationary diffraction pattern at the bfp of the post-OL, as well as a
pseudo-stationary image in the image plane at the same time, additional sinusoidal signals are sent
to the image coils below the specimen to bring back the beam to the optic axis. In this way, the beam
subsequently excites different sections of the diffraction space at high frequency, and the precessed
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diffraction pattern will retain the intensity of all excited reflections averaged over the number of
precession turns used in the pattern acquisition.

Figure 2.6.1 shows a sketch on how the electron beam is deflected by the different coils. If only
the precessing signals are sent to deflector coils and the beam is pivoting at the specimen plane,
the beam will be focused in the image plane. Yet the diffraction pattern in the bfp of the post-OL
will consist of rings with a radius proportional to the precessing angle, which is used for calibration.
Thus counter-precessing signals are needed to recover the focus at the post-OL bfp. If only precessed
diffraction patterns are needed, a counter-precessing signal to one set of image coils is enough be-
cause it allows tilting the beam in such a way that the electron beam direction viewed from below
the image plane seems like it is coming from the focused spot of the post-OL bfp. However, the
standard procedure is to keep a focused and precessed beam in both planes, which requires both sets
of image coils. Alignment details will be extensively discussed in chapter three.

-15 nm

A)

-15 nm

B)

Figure 2.6.2: [131] zone-axis diffraction patterns from a Ca2(Al,Fe)2O5 crystal A) with and B) without 1◦
of beam precession.

PED was developed to collect integrated intensities that are more suitable for structure determina-
tion by electron diffraction [111]. It helps to diminish the non-systematic dynamical effects, such as
double-diffraction and Kikuchi lines, and makes the crystallographic analysis easier [112, 113, 114].
PED data is sometimes referred as pseudo-kinematic data in the sense that dynamical effects are
strongly reduced and the kinematical theory can be used for crystal structure determination. Never-
theless, it has to be noted that PED patterns are still intrinsically dynamical by nature and therefore
they have to be treated as such for precise and accurate structure refinement [115, 116]. Figure 2.6.2
shows diffraction patterns with and without precession for the same orientation of a brownmillerite
crystal. The use of 1◦ of precession allows the statistical meaningful acquisition of intensities from
many more reflections at the same crystal orientation, the intensity re-distribution that minimizes
the possibility of saturated reflections, and the diminishing of disorder effects, i.e. diffuse scattering.
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Some diffuse streaks can be seen at the top of Figure 2.6.2A, while they are highly reduced in Figure
2.6.2B and reflection intensities emerge in this diffraction space area.

The key application in which beam precession is routinely used is the electron diffraction tomography
(EDT) technique or, recently conventionally called, 3D electron diffraction (3D ED) [14]. Briefly,
the main procedure of the technique is the following: acquisition of non-oriented diffraction patterns
from a single crystal at subsequent and different usually equidistant tilts of the sample holder, re-
construction of the ODS from the diffraction data and reflection intensity extraction to retrieve the
electron density or electrostatic potential of the crystal structure [12]. Since the publication of Mug-
naioli et al. that introduced the coupling of PED with 3D ED [117], this acquisition tool has been
essential to understand the atomic ordering of hundreds of different crystals. Acquisition methods,
data processing algorithms and different examples will be extensively explained in chapter four.

A) 5th	OLZ

4th	OLZ

3rd	OLZ

SOLZ

FOLZ

FOLZ

ZOLZ

-110 nm

B)

-110 nm

Figure 2.6.3: Non-oriented diffraction patterns A) without and B) with 1◦ of precession from a lutetium
aluminium garnet (Al5Lu3O12) crystal. Reflections from up to the 5th order Laue zone can be visualized
without precession due to the high crystalline quality of the material. Contrast, brightness and gamma has
been modified in both images for better display.

Another effect of the precession movement is the increase of visible reflections in the diffraction pat-
tern, as already shown in Figure 2.6.2. This effect is mainly interesting for 4D-STEM applications.
Here, a quasi-parallel probe is scanned through a ROI and a diffraction pattern is stored for each
beam position; 2D for the x-y coordinates (beam positions) of the STEM image and 2D more for
the x-y coordinates of the diffraction pattern in each (x, y) position of the STEM image. Sawtooth
signals mixed with sinusoidal signals are sent to the coils for simultaneous scanning and precessing
of the electron beam. Phase and orientation maps are beneficial of this illumination setting because
they rely on template-matching algorithms that are based on the cross-correlation between simulated
and acquired patterns [118, 119], but also strain maps are enhanced because more spots are available
to correlate their distance between strained and non-strained regions [120, 121]. Apart from the
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increased number of reflections, PED also enables an accurate localization of the reflections due to
the induced uniform distribution of the reflection intensity inside each spot. Common precession
angles are between 0.6◦ and 1.5◦, yet it has to be kept in mind that the beam will be broadened
at high angles because of the lens aberrations, thus it reduces the lateral resolution of 4D-STEMmaps.

The maximum precession angle is only limited by the overlapping of different Laue zones [122]. Fig-
ure 2.6.3 shows two diffraction patterns acquired with and without precession. Since the crystallinity
of the material is high, i.e. its atomic ordering is largely extended along the three spatial dimensions,
reflections that belong up to the 5th order Laue zone can be acquired. When precession is applied
to the acquisition of such patterns, the integrated Laue zones are expanded and reflections from
different zones come closer. In this case, the precession angle was not big enough to overlap them
but the zones cannot be distinguished anymore. The danger of overlap becomes higher when working
with large unit cells and low indexed zones.

Apart from experiments based on the acquisition of diffraction patterns, electron beam precession
has also been used in imaging and spectroscopy. Rebled et al. [123] showed that the use of precession
in TEM image mode reduces contrast artefacts, like bend contours, due to Fresnel diffraction and
curvature of thin foils. Precession-assisted image tomographies of such samples result in clearer
identification and reconstruction of the features of interest. On the spectroscopic side, EELS and
EDS spectra are also benefit from the precession movement. Estradé et al. [124] demonstrated that
the use of precession when acquiring EELS spectra in zone-axis conditions enhances the edge signals
by the reduction of the channelling effect. One year later, Liao et al. [125] showed that the same
enhancement is visible for EDS measurements. Interestingly, precession-assisted EELS acquisitions
in two-dimensional materials where the channelling effect is not present also provides an increase
on the signal [126]. The smearing of the Bethe ridge allows the use of a bigger OA that increases
the overall acquired signal without reducing the signal-to-background ratio [104]. In this way, the
precession movement of the electron beam is shown to be advantageous in a big range of applications
in the TEM.



50 CHAPTER 2. THE BASICS OF DIFFRACTION, CRYSTALLOGRAPHY & TEM

2.7 Experimental Electron Diffraction Patterns
Previous sections have shown how different an electron diffraction pattern can look like according
to beam precession as well as the convergence angle of the electron beam: while the use of quasi-
parallel beams on crystalline materials result in spotty-like patterns, convergent beams produce
disk-like patterns. However, the distribution of the scattering power depends on the object from
which the scattering process occurs, in this case, the periodicity or crystallinity of the material under
the beam. In this context, crystalline diffraction patterns acquired in a TEM are generally differen-
tiated between three types, which are shown in Figure 2.7.1.

-110 nm -110 nm -110 nm

A) B) C)

Figure 2.7.1: Sketches of electron beam illuminations of particles formed by hexagonal-shaped crystalline
domains. A) is the case of a single-crystal diffraction pattern from a ferrosilicide [25], B) corresponds to
a slightly textured pattern from a reduced phase of La2NiO3F2−x [127] and C) refers to a poly-crystalline
pattern from a standard Au grating replica.

Figure 2.7.1A portraits the case in which a particle is formed by several hexagonal-shaped crystalline
domains that are crystallographically oriented in the same way, i.e. all unit cells of all domains are
aligned in the same direction. The resulting diffraction patterns of such particles show clear and
sharp reflections like the ferrosilicide example in Figure 2.7.1A [25]. These kind of patterns are usu-
ally referred as to single-crystal diffraction patterns. When the different domains are slightly
disoriented with respect to each other, the ODS contains a set of reciprocal lattices that are oriented
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in a slightly different way as well, and the subsequent diffraction pattern consists of arch-like reflec-
tions. These patterns are generally called textured diffraction patterns and Figure 2.7.1B shows
an instance from a reduced phase of La2NiO3F2−x [127]. The final type is related to particles that are
formed by crystalline domains that are randomly oriented along all directions. The illumination of
these particles generates diffraction patterns with rings around the primary beam, which correspond
to the beam scattered by all possible Miller planes according to the space group, while the former
patterns exhibit only those planes that are approximately parallel to the electron beam direction.
Such patterns are called poly-crystalline diffraction patterns and Figure 2.7.1C displays one
from a standard Au grating replica.

It has to be noted that the resulting patterns according to this classification depend on the area
illuminated by the electron beam. For example, if a smaller beam diameter is used to illuminate
only one single crystalline domain in Figure 2.7.1B or 2.7.1C, a single-crystal diffraction pattern
with sharp reflections similar to 2.7.1A will be obtained in all cases. That is the reason why the
use of single-, textured or poly- adjectives to describe the atomic ordering of matter is misleading,
since it all depends on how small the crystalline domains are and whether the used radiation can
individually illuminate such domains. At this point, the advantage of electrons compared to X-rays
is that electrons can be focused at atomic-scale areas without the need of very large facilities. Even
the most advanced beam lines in unique X-ray sources, like the European Synchrotron Radiation
Facility, cannot illuminate such small areas [128]. On the other hand, a TEM provides a ready-to-use
nano-diffractometer without that huge infrastructure and it allows the identification of the possible
atomic ordering down to the atomic scale.

Real space defect ←→ Diffuse scattering
Point (0D); Vacancies ....... 3D undefined and anisotropic
Line (1D); Dislocations ....... 2D planes ⊥ to line defect direction
Planar (2D); Stacking Faults ....... 1D stripes ⊥ to planar defect directions
Bulk (3D); Intergrowth ....... 0D additional intensities

Table 2.7.1: Relations between the dimensionality of the defects present in a solid with an instance of each
one and the related diffuse scattering in the ODS.

Apart from the distribution of the scattering power related to the 3D periodicity of a crystal, dif-
fuse scattering may appear in the ODS. This occurs when the periodicity of the crystal is not fully
maintained, thereby non-periodic atomic defects emerge due to, for example, growth or working con-
ditions of the material. Such description of solids is generally referred as disorder. Table 2.7.1 shows
the different relationships between the dimensionality of the disorder with an example of each and
its related diffuse scattering in the ODS [12]. An excellent review from a historical perspective for
disorder characterization using different radiations is available by Thomas R. Welberry and Thomas
Weber [129], and a useful review paper has been recently published by Enrico Mugnaioli and Ta-
tiana Gorelik for further details on how to interpret and deal with 3D ED data for such analyses [130].

Defects of the crystal periodicity are always encountered in crystals, although most of the times are
not significantly strong or the illumination by the electron beam can be adjusted to avoid their effect
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on the acquired patterns. However, the characterization of them is necessary to fully understand the
atomic structure of the material under study. The most encountered type of defects are 2D planar
defects. These kinds of defects mostly appear in layered structures during their growth and a dif-
ference needs to be made between intergrowth of similar crystal phases and stacking disorder [131].
Generally, building-blocks are considered and their stacking is what produces the diffuse streaking
in the ODS. These blocks can be different crystal structures (intergrowth) or the same crystal phase
but shifted along the crystallographic directions perpendicular to the stacking direction [132]. In
electron diffraction, the diffuse scattering can be modelled according to these building-blocks that
are identified from averaged structure determinations from 3D ED data or HRTEM images, and
simulated, for example, through the DISCUS program [133]. Then, the proposed models can be
evaluated by the comparison of the simulated patterns with the corresponding sections obtained
from the reconstructed ODS of a 3D ED dataset [134, 135]. An example of this characterization
approach is the disorder analysis on the RUB-5 layer silicate carried out by Krysiak et al. [22].
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Figure 2.7.2: A) h0l section of the reconstructed ODS of a RUB-5 particle and B) simulated diffraction
pattern of the disordered model. C) and D) are intensity profiles of the two blue rectangles marked in A) and
B) that correspond to the 20l and 60l rows. The black profile belongs to the experimental data, the red one
to the simulated and the blue one is the difference. E) and F) are plots of the integrated absolute difference
between the simulated and experimental profiles with respect to the probability of the layer stacking, which
belong to the 20l and 60l rows, respectively. Figure courtesy of Dr. rer. nat. Yaşar Krysiak from the Czech
Academy of Sciences in Prague.

Due to the layered nature of RUB-5, the growth of these crystals tends to have stacking disorder,
which means that, for instance, one structural layer could crystallized three or four times along the
stacking direction but the next one turns out to be a different layer. Such crystalline growth is prob-
abilistic and, since electron diffraction is acquired with beam sizes between 50 nm to 400 nm, the
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resulting patterns are related to an average of a large number of unit cells, which is a perfect scenario
to analyse disorder effects. In this case, three different layers (called α, β and γ) were identified and
two probabilities were evaluated.

First of all, the disorder modelling was carried out only as a function of the stacking probability of
α and γ layers, py. This resulted in a probability of around 0.05 for the stacking of γ layer on top
of α layers and facilitated the modelling only focusing on α and β layers. Figure 2.7.2 shows the
intensity profile analysis for the 20l and 60l rows of the [010] zone-axis pattern based on the stacking
probability of the β layer on top of the γ layer. Here, simulated diffraction patterns are obtained
by modelling a particle in which the probability of the presence of layer α is (1− px)(1− py), layer
β is px(1 − py) and layer γ is py. In this case, py was fixed to 0.05 and px was modified in 0.05
steps in order to find the simulated intensity profile that fits best to the experimental ones. Both
analysis on these diffuse lines resulted in a px of 0.20(5) and 0.25(5) for 20l and 60l, respectively,
and demonstrated the possibility of quantitative disorder analysis of the disorder with such routines.
Further modelling details, structure analysis and crystallographic description can be found in the
paper of Krysiak et al. [22].

Nevertheless, when the layer stacking has a real random behaviour, the result is illustrated in Figure
2.7.3. In this case the projection of the reconstructed ODS along the stacking direction (Figure
2.7.3A) shows a 2D lattice related to the periodicity of the layer itself. When projections are ob-
tained through the in-plane axes of the layer (Figures 2.7.3B and 2.7.3C), intensity rows without
sharp reflections are visualized, which only come from the strong diffuse scattering. In other words,
the material is composed by unit cells that are periodically distributed as a plane that forms the
layer, but the periodic arrangement in the third spatial dimension is non-existent. Effectively, this
is considered a stack of 2D crystals.

A) B) C)

Figure 2.7.3: Projections of the reconstructed ODS of the layer silicate Na+-magadiite along A) the
stacking direction, B) one of the in-plane layer axes and C) the other in-plane layer axes.

Diffraction patterns can also be acquired from materials that are not crystalline. These materi-
als do not have long-range order that characterize crystalline solids, but still retain basic building
components without translational symmetry. They are called amorphous materials, and their
electron diffraction patterns result in wide and diffuse rings that belong to repetitive inter-atomic
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pairs through the specimen. An example of an amorphous diffraction pattern from calcium carbon-
ate/calcium hydrogen phosphate is shown in Figure 2.7.4 [136].

Figure 2.7.4: Amorphous diffraction pattern of calcium carbonate/calcium hydrogen phosphate [136].
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2.8 Brief Review of Aperiodic Crystals
After Jean-Baptiste Romé de l’Isle proposed in 1772 that crystals are formed by microscopic build-
ing blocks [137], René-Just Haüy shortly afterwards enunciated that each crystal face is uniquely
characterized by three rational integers, which he called as the law of rational indices [138] and it
is currently referred as Miller’s indices (equation 2.1.14). Electron diffraction patterns are usually
properly indexed by the use of these three hkl integer values that result from the periodic arrange-
ment of the atoms along the three dimensions. However, some crystals are not formed following this
general rule and their 3D translational symmetry is lost. Disorder is one example of these excep-
tions where diffuse scattering appears in between Bragg reflections, which is consequence of small or
large modifications of the atomic structure inside the unit cell through the whole crystal, as briefly
described in the previous section. Another exception to this rule is the case of aperiodic crystals.

Aperiodic crystals are solids in which the translational symmetry is lost but their diffraction patterns
still consist of sharp and discrete reflections, i.e. problems appear when indexing the reflections
with only three integer indices. The first reported questioning about the general validity of Haüy’s
statement dated back to 1903 by Herbert Smith [139], which was followed by other studies during the
XXth century [140, 141, 142, 143, 144, 145, 146, 147, 148]. Three different types of aperiodic crystals
can be identified according to their building principles: quasicrystals, incommensurate composite
crystals and incommensurately modulated structures [149].

2.8.1 The Different Types of Aperiodic Crystals
Quasicrytals are solids in which its description requires the use of non-crystallographic point symme-
tries, e.g., five-fold, eight-fold, ten-fold or twelve-fold symmetries, thus a space of higher than three
dimensions has to be used in order to properly describe the position of the scattered reflections. The
discovery of this kind of materials by Dan Shechtman and collaborators in 1984 [148] led to the Nobel
Prize of Chemistry in 2011. The reviews of Walter Steurer or Akiji Yamamoto are acknowledged for
further information [150, 151].

Incommensurate composite crystals encompass crystalline solids that are formed by the intergrowth
of two periodic structures. An example of such ordering is the case of layered composite crystals in
which two chemically different layers are alternately stacked. These sub-systems share a common
periodicity along the stacking direction but one of the directions parallel to the layer is incommen-
surate with respect to the other layer, i.e. an irrational number of unit cells is needed to retrieve
the periodicity along this direction. The atomic arrangement of these crystals result in diffraction
patterns that contain strong reflections surrounded by weaker reflections that cannot be indexed by
the three Miller indices of the two sub-systems. These reflections are called satellites [141]. This
is different to the disorder case of RUB-5 shown in the previous section because the building blocks
maintain the unit cell periodicities along the directions within the layer planes, hence satellites do
not appear.

The third kind of aperiodic crystals are the incommensurately modulated structures. These are
characterized by a translational periodic average structure that can be determined by ignoring the
satellites, yet the true atomic positions in the crystal are defined by modulation functions. In this
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way, the averaged structure and the atomic positions modulated by special functions recover a perfect
long-range order but without 3D translational symmetry. It is worth to note that displacement
parameters and atomic modulations are different physical effects of the atoms inside the crystal
structure, since the former are considered time-dependent shifts caused mostly by temperature inside
one unit cell, and the latter represent periodic displacements across the material with a period of an
incommensurate number of cells.

2.8.2 How to Understand Incommensurate Modulated Structures
Diffraction patterns that exhibit satellite reflections need to use the concept of superspace, a (3+d)D
space, in order to properly fit all observed reflections and recover the translational symmetry [147,
152]. In this context, new reciprocal base vectors called modulation wavevectors, ~q, have to be
introduced that are defined from the 3D unit cell reciprocal basis vectors. Generally,

~q = α~a∗ + β~b∗ + γ~c∗

where α, β and γ are coefficients that define the modulation wavevector and at least one of them
has to be irrational to fulfil the property of incommensurability, otherwise a supercell can be selected
to index all reflections. Because the intrinsic nature of an experiment cannot distinguish between
rational and irrational numbers, a structure is considered to be incommensurate if the denominator
of the rational approximation of at least one of the coefficients of the modulation wavevector is large
enough [153]. In this way, satellites are located at ±m~q distance from the main reflections and, in
principle, there is no limit to the number of modulated wavevectors required to index all reflections
that, at the same time, determine the number of extra dimensions in the superspace. m is an integer
number that defines the order of the satellites for a given ~q and its maximum, mmax, is set according
to the observable satellite intensities in the diffraction dataset. Satellites up to the 9th order have
been found, but these are extremely exceptional cases [154].

Once the modulation vectors have been defined, any reciprocal lattice vector in the constructed
superspace is described as

~gs =
3+d∑
k=1

hs,k ~a∗s,k

where d is the additional number of dimensions added to index all reflections and ~a∗s,k are the
reciprocal basis vectors of the reciprocal superspace Σ∗ that are mathematically defined as

Σ∗ =

~a∗s,i ≡ (~a∗i, 0) i = 1, 2, 3
~a∗s,3+j ≡ (~qj, ~b∗j) j = 1, ..., d

where ~a∗s,i describe the reciprocal lattice basis in the 3D space and ~a∗s,3+j the additional basis defined
from the 3D space and the extra components ~b∗j of the reciprocal superspace, which are perpendicular
to the 3D space. Figure 2.8.1 shows a sketch of Σ∗ for a 1D incommensurately modulated structure.
Since it is not possible to physically draw a 4D space in a 2D plane or 3D volume, the 3D space that
belongs to the ODS is folded in a line while the extra dimension is shown perpendicular to this line.
In this way, when a diffraction experiment is carried out, it can be interpreted that the position of
each reflection is projected into the 3D space along the directions defined by ~b∗j in the reciprocal
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Figure 2.8.1: Sketch of the reciprocal superspace interpretation of a (3+1)D incommensurately modulated
structure. The dashed line labelled as “3D Space” represents the projection of the 3D ODS into a line.
The vertical line represents the extra dimension that defines the reciprocal superspace. The ODS of such
structures is interpreted as the projection of the reciprocal superspace into the 3D reciprocal space along ~b∗j .
qj is the modulus of the modulation vector along ~a∗i in the 3D reciprocal space. Dark grey spots represent
first order satellites and light grey ones to the second order satellites.

superspace. Then, the definition of a reciprocal lattice vector in the ODS introduced in this chapter
can be extended to include the possible modulation of a crystal structure as

~g =
3+d∑
k=1

hk ~a∗k

where ~a∗k are ~a∗, ~b∗, ~c∗, ~q1, ..., ~qd.

At this point, the superspace in the “real” space can be obtained by bringing the reflection intensities
and positions from the 3D reciprocal space to the reciprocal superspace, and applying the inverse
Fourier transform to retrieve the electrostatic potential or electron density in the “real” superspace.

ρs(~rs) = 1
Ω
∑
~gs

F (~gs) exp(−2πi~gs~rs)

where Ω is the volume of the unit cell in the real 3D space. To visualize the obtained potential, a
similar approach to Figure 2.8.1 has to be followed, which is shown in Figure 2.8.2. The positions
of the basis vectors ~a1, ~a2 and ~a3 from the real 3D space have to be identified in real superspace
with respect to the extra-dimension vectors. If the example of Figure 2.8.1 is followed in such a way
that the modulation wavevector ~q is only along ~a∗s,1, ~as,4 is perpendicular to ~a1, and the superspace
axis ~as,1 is rotated with respect to ~a1 according to the component α of the modulation wavevector
as tan(~as,1,~a1) = α/|~a1|. In other words, the modulation wavevector defines the orientation of the
real 3D space inside the real superspace. This construction scheme can be followed for a general
case of a modulation vector with components α, β and γ as the related extra dimension is defined
perpendicular to the whole 3D reciprocal space [155].



58 CHAPTER 2. THE BASICS OF DIFFRACTION, CRYSTALLOGRAPHY & TEM

One important consequence of the superspace concept is that atomic positions are not defined by
a fixed location in space, instead they are understood as domains that are expanded along the
introduced extra dimensions, the so-called atomic domains [155]. Each one is described as

xi = x̄i +
d2−1∑
w=1

uw,i(x̄s,4, ..., x̄s,(d+3))

x̄i = x0
i + li

x̄s,j = t+ ~qk~r ; j = 4, ..., (d+ 3)
~qk~r = αkx̄1 + βkx̄2 + γkx̄3 ; k = 1, ..., d

where x0
i are the fractional atomic coordinates in the first unit cell, li are integers defining the lattice

vectors in the real 3D space, uw(x̄s,j, ..., x̄s,d) are modulation functions with period 1 that fit to the
shape of the electrostatic potential along the extra dimensions, t is the initial phase of these functions
and ~r is a vector with coordinates x̄i. The above expression includes d2 − 1 modulation functions to
consider the possibility of inter-modulations between different modulation waves.

Figure 2.8.2: Sketch of a (xs,1,xs,4) de Wolff section of the superspace representation for a given atomic
domain. ~a1 is the basis vector ~a of the 3D unit cell. ~as,1 and ~as,4 correspond to two basis vectors of the
superspace unit cell. The blue curved line represents the domain of a given atom in the superspace from
which four positions with their related superspace coordinates (xis,1, xis,4) are shown. The horizontal dashed
lines labelled as ti correspond to the different 3D sections of the superspace that retrieve the aperiodic 3D
representation of the given atom with its related different xi1 positions.

The most common modulation applies to the position of the atoms, which is generally referred
to as displacive modulation. Nevertheless, in some cases atomic occupancies and even atomic
displacement parameters can be modulated, the so-called occupational and thermal modulation,
respectively. Since most structural modulations are continuous and the number of parameters is finite,
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truncated Fourier series are frequently used in order to properly describe the satellite intensities. Such
series for a 1D modulation would be

~u(x̄s,4) =
n∑
i=1

~Ai sin(x̄s,4) +
n∑
i=1

~Bi cos(x̄s,4)

where ~Ai = (Ai1, Ai2, Ai3) and ~Bi = (Bi
1, B

i
2, B

i
3). At first approximation, the satellite intensities of

order m can be determined by the Fourier components up to the same order [156]. Stronger modu-
lated structures may need discontinuous functions to correctly fit the electrostatic potential, and in
these cases functions such as crenel and sawtooth functions are used that exist in an interval of xs,4
defined as (x0

s,4 −∆/2, x0
s,4 + ∆/2) where ∆ < 1 [157].

Figure 2.8.2 shows an example of an atomic domain following a harmonic function along the extra
dimension ~as,4 in a (xs,1, xs,4) section of the superspace, also known as de Wolff section, from which
each 3D section of the superspace at the different modulation phase t between 0 and 1 corresponds
to a possible aperiodic 3D unit cell. As seen in this figure, the translational symmetry is recovered
in the superspace, thus the resulting potential is periodic as well and a superspace symmetry can
be derived. In this context, the symmetry is investigated by the observation of possible systematic
extinctions in the diffraction patterns including the satellite reflections, and superspace groups can
be identified following the guidelines described by Sander van Smaalen in his book “Incommensurate
Crystallography” [149] or through the tables available in the “Incommensurate and Commensurate
Modulated Structures” section of the International Tables for Crystallography vol. C [54]. De Wolff
sections are also used in order to check that the selected symmetry together with the modulated
functions properly follow the retrieved potential in the 2D section of the superspace.

As it has been shown above, the 3D translational symmetry has been lost due to the introduction of
a modulation wavevector that contains at least one irrational coefficient. Although the translational
symmetry is lost along the direction parallel to ~q, it is worth to comment that the perpendicular
directions to the modulated wavevectors may still retain the 2D translational symmetry. For instance,
if only one modulation vector is present and it is only directed along ~a∗2, the plane composed by ~a1
and ~a3 in real 3D space will have 2D translational symmetry. This is an important point to take into
account when modulated crystal structures are physically described.
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Chapter 3

Quasi-Parallel PED-STEM

Untersuchung und Beobachtung,
Philosophie und Erfahrung dürfen
nie einander verachten noch ausschließen.
[Investigation and observation, philosophy
and experience, must neither despise nor
exclude one another.]

Vom Kriege [On War]
Carl von Clausewitz

The previous chapter has introduced the basics of the diffraction phenomena in a general way,
how a transmission electron microscope works, the available methods to acquire electron diffraction
patterns, and the different kind of patterns that can be obtained according to the illumination
and the material under study. Here, the focus is directed to the alignment of the TEM for the best
illumination settings to acquire electron diffraction data from small ROIs. The chapter provides a set
of manufacturer-independent procedures to align a quasi-parallel beam while the TEM is operated in
scanning mode, the so-called quasi-parallel STEM. Furthermore, a novel alignment of a precessed
electron probe in STEM is proposed, from which the coupling of quasi-parallel STEM with precession
is shown to get the TEM ready for optimum acquisitions of electron diffraction patterns, a preferred
electron illumination referred to quasi-parallel PED-STEM. These new alignment methods have
been tested on different microscopes and the resulting electron beams have been characterized to
show their effectiveness and feasibility.

61
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3.1 TEM vs STEM
The two main operation modes of modern (S)TEM microscopes are mainly distinguished by the way
the images are formed. While TEM mode is based on a spread beam that illuminates the whole
area of interest, and an image is formed at the detector plane when the projector system is in image
mode, STEM mode uses a focused beam to scan the selected area of the sample, and the image is
formed by the intensity integration of the primary beam and/or scattered beams from the resulting
diffraction pattern at each scanned position.

Both available modes are used for high-resolution imaging. FEG electron sources and optimized pole
piece geometry enable scientists to acquire high-resolution images in a routine basis. STEM-HAADF
may be beneficial in some specimens when elemental contrast is needed to properly distinguish, for
instance, different layers of multi-layer systems or different shells in nanoparticles. In other samples,
TEM may be better to visualize stacking faults and grain boundaries by means of dark field imaging
or under two-beams condition.

The traditional application difference between TEM and STEM is when spectroscopic or diffraction-
based experiments are carried out. The usual STEM illumination setting is based on highly conver-
gent probes that result in high beam currents. This condition facilitates the acquisition of EDS and
EELS single-spectra as well as spectrum maps with highly resolved features. The most impressive
works include 3D reconstructions of atomic distribution in nanostructures [158, 159], compositional
maps at the atomic scale [160], EELS spectroscopic tomography [161] or 3D reconstructions of oxi-
dation states in nanoparticles [162]. On the other hand, diffraction-based experiments are performed
most of the time with the microscope in TEM mode. Using the conventional SAA for SAED or,
if available, the low-convergent illumination options for NBED, allows an easy and routine check
of specimen crystallinity as well as fine crystallography analyses, such as ab initio structure deter-
mination of a huge variety of materials [163, 164, 165, 166], disorder analyses [131] and even the
localization of hydrogen atoms [167] or the determination of absolute structures [168]. When high-
convergent beams are considered, CBED or large convergence angle CBED (LACBED) patterns are
also frequently acquired. In this case, the analysis of Kossel-Möllenstedt (non-overlapped diffraction
disks) and Kossel (overlapped diffraction disks) patterns enable the determination of the crystal sym-
metry and, in some instances, the thickness and the direct lattice-strain of the illuminated area [76].
Furthermore, the use of defocused Kossel patterns acquired in LACBED conditions proved to be very
valuable to the identification of line and planar defects such as dislocations and grain boundaries
[169]. Although all the aforementioned works are based on the acquisition of diffraction data in TEM
mode, it does not mean that they could not be done in STEM mode. In fact, the same results can
be obtained in STEM mode because they rely on the quality of the acquired diffraction patterns.

A diffraction-based application in which STEM is implicitly used is 4D-STEM. Briefly, the low-
convergent probe is scanned over a ROI and a diffraction pattern is stored for each beam position
instead of its integrated intensity in STEM detectors. Different processing tools applied to the avail-
able patterns can result in phase, orientation and/or strain maps. Since this application needs the
availability of quasi-parallel options, the microscope is usually kept in TEM mode. In this way, the
projector system is switched to diffraction mode, an external optical camera placed at the binocu-
lar position is used for pattern acquisition and an external scanning generator is connected to the
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deflector and image coils to raster the beam [170, 171]. Therefore, the microscope is explicitly op-
erated in TEM mode but the data acquisition is implicitly performed in STEM mode. During this
last decade, technological advances have been made towards the development of fast and sensitive
cameras using complementary metal–oxide–semiconductor (CMOS) technology for direct electron
detection, or intermediated by a scintillator and an optical fibre plate, which triggered the increased
commercialization of hardware setups focused on 4D-STEM acquisitions [172]. As a consequence,
TEM manufacturers are pushed to provide default quasi-parallel illumination options with the mi-
croscope in STEM mode.

It is not only the technological push that brings quasi-parallel STEM to the stage, but also its
intrinsic advantages for diffraction-based experiments with respect to TEM mode. It permits a
fast and clear visualization of tiny or layered crystals using low electron doses, reduces the beam
damage for crystal imaging, provides an easy pin-point to check the crystallinity of different parts of
the sample, and avoids lens hysteresis effects because the projector system does not need to switch
between imaging and diffraction mode. Furthermore, the scanned image does not suffer from the
aberrations of the projector system and the positioning of the electron beam on the specimen plane
is highly accurate, a feature technically called beam registration [173]. STEM mode is also of benefit
for external equipment solutions because it activates and de-activates some of the electronic filters
at the coil driver boards and it allows the transmission of external high-frequency signals without
much interference. For single diffraction pattern acquisitions, NBED is used instead of SAED, which
avoids the mechanical insertion of the selected area aperture and enables the full software control of
the measurements for enhanced speed and ease of use.
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3.2 Quasi-Parallel STEM: Available Options
The aim of using a quasi-parallel beam in STEM mode is to have an illumination setting ready to
acquire scanned images and diffraction patterns without strongly changing the lens strengths. Since
the minimum size of a low convergent angle beam is limited by the diffraction of the CA, the lateral
resolution of the scanned image is intrinsically worse than using a high-convergent beam. This can
be seen in Figure 2.4.2 of the previous chapter where the minimum probe diameter below 10 mrad is
diffraction-limited; thereby, the higher the convergence angle in this regime, the higher the attainable
lateral resolution before the spherical aberration becomes stronger. Thus, a compromise has to be
reached between lateral (beam size) and angular resolution (two times the convergence angle) that
allows to clearly identify the desired feature in the scanned area in order to position the beam for
diffraction and avoids reflections overlap.

Mode Spot Size Alpha CL1 (A) CL2 (A) CM (A) φbeam (nm) α (mrad)
CBDa) 5 nm 1 2.39 2.76 5.41 3.58 ± 0.05 0.82 ± 0.01
CBDa) 5 nm 2 2.31 2.68 4.74 3.40 ± 0.05 0.85 ± 0.01
CBDa) 5 nm 3 2.23 2.58 4.06 3.31 ± 0.05 0.94 ± 0.03
CBDa) 5 nm 4 2.16 2.50 3.39 3.39 ± 0.13 1.09 ± 0.01
CBDa),b) 5 nm 5 2.08 2.42 2.63 3.50 ± 0.20 1.27 ± 0.03
CBDb) 5 nm 6 2.01 2.33 2.03 3.60 ± 0.26 1.41 ± 0.10
CBDb) 5 nm 7 1.94 2.23 1.35 3.92 ± 0.33 1.57 ± 0.02
CBDb) 5 nm 8 1.86 2.14 0.68 4.57 ± 0.36 1.67 ± 0.01
CBDb) 5 nm 9 1.79 2.04 0.00 5.43 ± 0.52 1.69 ± 0.01
CBDb) 3 nm 9 1.95 2.23 0.00 3.71 ± 0.22 1.70 ± 0.01
CBDb) 2 nm 9 2.12 2.41 0.00 2.69 ± 0.18 1.68 ± 0.02
CBDb) 1 nm 9 2.44 2.69 0.00 1.71 ± 0.04 1.62 ± 0.02
CBDb) 0.5 nm 9 3.11 2.88 0.00 1.28 ± 0.12 1.64 ± 0.01
TEM 5 1 1.87 2.02 4.50 8.81 ± 0.57 0.94 ± 0.01
TEM 5 2 1.87 2.02 3.16 6.84 ± 0.11 1.17 ± 0.01
TEM 5 3 1.87 2.02 2.63 6.35 ± 0.25 1.33 ± 0.01

Table 3.2.1: The minimum beam diameter φbeam and convergence angle for different condenser system
settings in the JEOL 2100 LaB6 with a 10-µm CA. Mode, Spot Size and Alpha are the settings available in
the user interface of the microscope in the TEM operation mode. The measurement error for CL1, CL2 and
CM currents is ± 0.01 A in all cases.
a) condenser setting available as well in NBD mode. b) condenser setting available as well in EDS mode.

A condenser system with three lenses is the foremost requisite in order to set a small and low con-
vergent probe. That system can consist of two CLs and one CM or three CLs. Microscopes designed
during the decades of 1990 and 2000 started to have the 2 CLs + 1 CM configuration and TEM
manufacturers provide several illumination settings. In the case of JEOL, some of these microscopes
are the 2100, 2010 or the ARM200F. For the former two, a variety of default beam illuminations is
available in TEM mode, which are called by the following acronyms: TEM, CBD, EDS and NBD.
TEM is the basic operation mode of the microscope with three different alphas or convergent angle
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settings and five spot sizes that allows an easy and extended illumination of the sample ROI. CBD
is the Convergent Beam Diffraction mode that allows to select nine different alphas and five spot
sizes. This mode was proposed by Michiyoshi Tanaka and co-workers for JEOL microscopes in order
to have an illumination system that easily allows the change of the convergence angle while keeping
the same probe size on the specimen [174]. NBD and EDS modes consists of illumination settings
already implemented in the CBD mode. EDS contains the last five alphas of the CBD mode, while
NBD has the first five alphas. In both cases, the same five selectable spot sizes are available. JEOL
designed it in this way so that the user would select the EDS mode for more convergent beams for
the acquisition of EDS signals, i.e. higher electron dose, and the NBD mode for the acquisition of
diffraction patterns with low convergent angles but small spot sizes. The high number of settings
available in the CBD mode was thought to confuse the non-experienced user and they decided to
implement the easier accessibility to these sub-modes to facilitate the use of the microscope for the
different kind of measurements. Table 3.2.1 shows the different beam settings of the JEOL 2100 LaB6
according to the selected mode, spot size and alpha. In the case of the ARM200 series, the available
options while working in TEM are equivalent but with different naming. The main difference is that
the TEM mode consists of two sub-modes called S and L that are designed to illuminate small or
large areas and have a lower and higher convergence angle, respectively. Five spot sizes are selectable
for both sub-modes. NBD and CBD are also available under the Probe mode with six different spot
sizes but only one convergence angle option in each case. Unfortunately, when these microscopes
are switched to STEM mode there are different selectable probe sizes only with the most convergent
probe option (CBD Alpha 9 - CM deactivated).

In the case of FEI, the most known and sold microscopes are the Tecnai series. These ones provide
two convergence angle options with 11 different spot sizes each one, called Microprobe and Nanoprobe
for low (CM deactivated) and high (CM activated) convergence angles, respectively. STEM mode
comes with the exact Nanoprobe mode by default but the Microprobe has to be purchased apart.

Modern TEMs, such as the JEOL Grand ARM and NeoARM or the Thermo Fisher Themis and
Spectra, are built with 4-lens condenser systems that include three CLs and one CM. This flexible
probe-forming system allows an independent control over the probe size and the convergence angle
from which a variety of default illumination settings is provided in both TEM and STEM modes. A
quasi-parallel beam in these TEMs is obtained by high excitation of the CM. This is not a problem
for most samples but it could be for magnetic samples because of the magnetic field generated by the
CM, even when the OL is off. In this way, a quasi-parallel probe set only by the 3 CLs would be of
particular interest for diffraction measurements on magnetic materials. However, most laboratories do
not have cutting-edge TEMs and the STEM mode is limited to the convergent setting or the available
quasi-parallel option, which may not be optimized for diffraction experiments. For these reasons, a
microscope-independent alignment method is needed in order to set a quasi-parallel illumination in
STEM mode that fits best the desired diffraction experiment with the available scientific tools.
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3.3 Quasi-Parallel STEM: the Universal Alignment
The quasi-parallel STEM mode has been described and reported previously under different acronyms
such as NBD-STEM [175] or D-STEM [176], but always focusing on specific TEM columns and not
aiming at generalizing the method to other microscopes. Voyles et al. [177] studied medium range
order in amorphous silicon by developing the quasi-parallel STEM in a JEOL 2010F FEG with an
analytical resolution pole piece (ARP). They reported probe sizes from 0.9 to 5.2 nm at 0.5 mrad
of convergence obtained by strong excitation of both CL1 and CM. Alloyeau et al. [175] controlled
the STEM illumination on a JEOL 2100F FEG with a high-resolution pole piece (HRP) to produce
probes of 1 to 2 nm at less than 1 mrad of convergence in order to study CoPt nanoparticles. Their
method modified CL2 and CM to place the beam above the ffp of the pre-OL for levelled minimiza-
tion of both probe size and convergence angle. Ganesh et al. [176] set their D-STEM on a JEOL
2010F FEG with an ultra-high resolution pole piece (UHRP) and achieved similar lateral and angular
resolutions to those of Alloyeau et al. Furthermore, they provided a workflow for implementation of
the method, but with no reference to general tests on other microscopes. Yi et al.[178] used a FEI
Titan probe-corrected and operated at 200 kV, which includes 3 CLs, the CEOS aberration corrector
and a CM, to obtain a probe of 1.5 nm at 1 mrad of convergence with the corrector in neutral state.
Unfortunately, capabilities of this illumination system for CM variation were not explored. Panova
et al. [179] reported the use of 4D-STEM to localize crystalline regions in polymer blends using the
Microprobe setting in STEM mode on a FEI Titan probe-corrected at 300 kV with the corrector
deactivated, which yielded a 7 nm probe at 0.5 mrad. Unfortunately, they did not describe any
special alignment method to control the illumination.

In the context of this doctoral work, a universal alignment method is proposed to obtain a quasi-
parallel electron probe, given that the microscope has the following minimum requisites:

1. Condenser system with either 2 CLs and 1 CM or 3 CLs (or CM not active if present).

2. A 10 to 30 µm CA.

3. A software or hardware module that allows free user control of the microscope lens currents
(condenser, objective and projector lenses).

4. Computer storage and loading capabilities of tuned lens and coil values.

Smaller CA sizes than 10 µm, although not tested in this work, are considered not suitable for quasi-
parallel diffraction work due to the extreme low probe current, which would yield noisy diffraction
patterns for non-direct detection cameras and would not even be advantageous in terms of lateral
resolution.

The lateral resolution during the alignments is retrieved from an image of the electron probe obtained
by switching the projector system to image mode at a high magnification. A 2D Gaussian is fitted to
the image of the beam and its variance in x and y (σ2

x and σ2
y) are used to calculate the full-width at

half-maxim (FWHM = 2σ
√

2 ln2, being σ the average of σx and σy), which is considered the beam
probe diameter, hence approximately the lateral resolution in STEM. Other definitions of image res-
olution are available in transmission electron microscopy to define the minimum resolvable distance,
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for instance, by the use of Rayleigh’s criterion or the point resolution or information limit of the phase
contrast transfer function of the OL. Since here the interest is to resolve different nanometre-sized
areas but also to diffract these parts without reflection overlapping, it is more appropriate to use
the beam probe diameter as the indicator of the resolution, i.e. a spatial diffracting resolution.
On the diffraction space, the angular resolution is obtained by a Gaussian fitting on an intensity
line profile from a non-saturated reflection of a diffraction pattern. Such pattern is acquired from a
highly crystalline material to minimize any other effect that could modify the shape of the reflections.

For generalization of the alignment procedure, two cases have been considered depending on the
availability or absence of the CM in the condenser system of the TEM. These two different approaches
have been tested on a JEOL 2100 LaB6 operated at 200 kV with a 4-lens condenser system (3 CLs
and 1 CM) and a HRP. The first setup was a condenser system with CL1, CL3 and CM (CL2
deactivated) and the second one with all CLs activated and CM switched off, realized by using the
available free lens control module of the microscope user interface.

3.3.1 Condenser Systems with CM
First of all, the electron beam has to be aligned in the high-convergent STEM mode with the scanning
stopped and the CM at zero excitation, otherwise the beam could move away from the fluorescent
screen during the rest of the quasi-parallel STEM alignment. Considering that the eucentric height is
found based on the standard OL value in TEM mode, the conventional alignment to have a concentric
and centred movement of the beam is performed in STEM mode. This ensures that the beam is
following as much as possible the optic axis. For OL current values that give rise to beam focus above
and below the specimen plane, the spot and bright coils are used to shift the focused beam and the
caustic image to the same position, respectively, so-called bright tilt/shift method. The caustic image
in a TEM is a bright spot that corresponds to the projection of the electron probe surrounded by
a bright envelope, which is generated by the interference of electron rays deviated from the ideal
conditions due to the aberrations of the lenses.
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Figure 3.3.1: Sketch showing the A) tilt and B) shift of the electron beam by means of the deflector coils.
Orange-contoured beam represents the beam when the function of the coils is applied with respect to the
red beam. The CM is omitted for simplification.
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Figure 3.3.1 shows the difference between tilt and shift of an electron probe in a TEM. The beam tilt
is achieved by deflecting the beam in such a way that the apparent crossover and the real crossover
come from the same point, while the beam shift brings the apparent crossover shifted the desired
amount with respect to the specimen plane. The bright tilt/shift procedure is iterated until probe
and caustic image are formed at the same place of the fluorescent screen and then the OL current
is changed back to the standard one. This adjustment is done with the projector system in image
mode at 20K of magnification and the projector and deflector coils are initially neutralized.

The alignment for non-zero values of CM follows by activation through the free lens control module.
Initially, the largest spot size is chosen (low excitation of CL1) and CA is removed for enhanced illu-
mination on the fluorescent screen. Then, the convergence-controlling CM current is increased by up
to 1 Ampere (A), and the bright tilt/shift method is performed once again for correct beam centring.
The process is iterated while increasing the CM excitation in order to reduce beam convergence and
maintain an aligned beam.

pre-OL

post-OL

CL3

CL1

CL3↓

CM	↑CM

Specimen

Plane
Δs

Δs
Δs

A) B) C)

Figure 3.3.2: Ray diagrams for a condenser system with 2 CLs and 1 CM during the alignment of a
quasi-parallel probe. A) corresponds to the default ray trajectories in high-convergent STEM with CM
deactivated, B) is the ray diagram during the alignment of the quasi-parallel beam in which the CM is
switched on and its current increased, and C) is the setting for quasi-parallel STEM. Dashed lines in B)
represent the ray trajectories without CM activated, and the ones in C) show the ray trajectories of B).
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The bright tilt/shift method will become less effective beyond a range of CM values and the beam
centring must be performed with the HT modulation or the condenser/objective alignment tradi-
tionally used in TEM mode. This consists in the activation of the HT wobbler (Rotation centre in
Thermo Fisher microscopes), the adjustment of the tilt capability of the DCs to get a concentric
movement of the focused beam and the positioning of the probe close to the screen centre using the
shift capability of the DCs. The emphasis should be on the concentric beam oscillation rather than
on its exact screen centring. Once the alignment convergence is reached, the projector system is
switched to diffraction mode and the transmitted beam is placed at the centre using the projector
coils (Diffraction shifts in Thermo Fisher microscopes). Then, the projector system is switched back
to image mode and the condenser/objective modulation is checked again. If the lens modulation does
not produce a concentric beam movement, the spot coils are used to readjust it. This is because an
offset may be introduced by the software that was not previously there. The spot coils are an extra
set of coils available in JEOL microscopes to have a coarse control of the beam shift. Thermo Fisher
microscopes have a different design and their DCs can perform the same function as the spot and
shift coils in JEOL microscopes.

Once the electron beam is well aligned, the lateral and angular resolutions are checked. After inser-
tion and alignment of the smallest available CA, the beam is focused at the specimen plane through
the knob controlling the CL3 (CL2 for 3-lens condenser systems) in image mode, the projector system
is switched to diffraction mode and the electron beam scan is enabled. The obtained scanned image
should be as sharp as possible, which will demand some degree of OL change, as well as condenser
stigmator tuning for best results. Figure 3.3.2 shows the ray diagrams for each step that change
the ray path according to the variations of the lens currents. The increase of the CM brings the
focused probe above the specimen plane because the object distance for the pre-OL is increased, thus
a higher area is illuminated by the beam (Figure 3.3.2B). Then the decrease of the CL3 compensates
this z-displacement and brings the probe back to the sample (Figure 3.3.2C). The CA has been
omitted in this figure for clarity.

The use of the smallest CA and the beam set in the quasi-parallel condition results in the disap-
pearance of the typical Ronchigram in high-convergent STEM, hence it cannot be used for focus
optimization. Instead, optimum focus is found through the scanned image sharpness, which becomes
maximum for the OL value at which the spot is exactly focused on the specimen plane. If the sample
under study offers an extended amorphous region, one may proceed to find the optimum OL focus
as in high-convergent STEM, which means removing CA, adjusting the OL focus to visualize the
Ronchigram and correcting the two-fold astigmatism when the iso-radial condition of the converging
fringes is attained; the smallest CA is inserted as the final step of the alignment procedure using the
centre of the transmitted beam as the reference to position and align the aperture. Finally, the focus
of the diffraction patterns is adjusted through the diffraction focus knob, which controls the DL of the
projector system (Diff lens for Thermo Fisher microscopes). If the obtained lateral and/or angular
resolutions are not enough for the desired experiments, the CM value and/or spot size have to be
increased, respectively, and the alignment steps have to be performed again. In case that the spot
size is changed, the present values for the condenser lenses, except CL1, and coils have to be used
as a starting point for the subsequent alignment. Finally, when the best conditions are reached, the
lens and coil values are saved as an alignment file to be recalled any other time, after lens relaxation
routine is applied to avoid hysteresis. The highest resolution in both direct and diffraction spaces
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will be achieved when the image of the electron probe from the CM is placed near the ffp of the
pre-OL, but not at the exact distance. It is worth noting that the high excitation of the CL1 and
the use of the smallest CA result in low electron doses on the specimen under study.

Figure 3.3.3 shows a sequence of STEM-HAADF images and diffraction patterns during the imple-
mentation of the alignment in the JEOL 2100 LaB6 using a 10-µm CA and a deactivated CL2.
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Figure 3.3.3: STEM-HAADF images (left column) and diffraction patterns (middle column) of a standard
Au oriented sample obtained with the JEOL 2100 LaB6 using a 3-lens condenser system (CL2 deactivated)
during the quasi-parallel STEM alignment. The right column shows the lens values of the condenser system.
A) and B) correspond to the high-convergent STEM, C), D), E) and F) correspond to an intermediate
STEM, and G) and H) correspond to the quasi-parallel STEM.
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Figures 3.3.3A and 3.3.3B correspond to the high-convergent STEM setting, Figures 3.3.3C to 3.3.3F
are intermediate steps between the two illumination modes and Figures 3.3.3G and 3.3.3H are the
final result for the quasi-parallel STEM, using in all cases the 10-µm CA. The excitation of the CM
decreases the convergence angle but causes a slight beam size increase. Therefore, the CL1 has to
be increased and the CL3 has to be decreased in order to recover the probe size at the specimen
plane. Interestingly, as the probe becomes more parallel, the same amplitude of the sawtooth signals
sent to the scanning coils will deflect further the beam position than if it were convergent, causing a
greater area in the sample to be scanned and a smaller magnification (larger field of view) to be seen
on the display. A stronger magnetic field would be necessary to deflect a convergent beam compared
to a parallel one because of the higher angular change of the electron trajectories. For this reason,
the displayed magnification value while working in quasi-parallel STEM mode will be smaller than
in the high-convergent STEM and thus it needs to be recalibrated. On the other side, the camera
length will be the same because the OL and DL are kept around the same value.

3.3.2 Condenser Systems without CM
The quasi-parallel STEM alignment for those microscopes without or deactivated CM is only differ-
ent in the initial step compared to the previous routine. The CL2 current value is decreased about
0.2 A and the CL3 current value is increased in order to focus the spot on the specimen plane. The
subsequent adjustment steps are the same as the ones from CM-activated machines (CM-used TEMs).

Figure 3.3.4 shows the ray diagrams for the quasi-parallel STEM alignment from the high-convergent
setting to better understand the probe-forming mechanism. The beam crossover displacement, ∆s,
due to the decrease of the CL2 strength is projected to the CL3 image distance as well as the pre-
field OL image distance, which brings the probe below the specimen plane. CL3 current has to be
increased in order to recover the ∆s and place back the beam on the sample. Alternatively to the
strength increase of the CL3, the z-height or the current value of the OL could be modified. How-
ever, one of the final purposes of this configuration would be to perform tomography-like experiments
and large deviations of the z-height with respect to the eucentric height will result in large sample
displacements when the holder is slightly tilted. On the other hand, the strong decrease of the OL
will take the electron beam out of the optimal conditions and enhance the lens aberrations on the
probe. This is more evident when the microscope has an ARP (BioTWIN or TWIN pole pieces for
Thermo Fisher microscopes) because the axial homogeneity of the magnetic field between the pole
pieces is fulfilled at smaller regions compared with HRP or UHRP (S-TWIN or U-TWIN pole piece
for Thermo Fisher microscopes). Nevertheless, fine tuning of the OL is performed at the end of
the alignment to get the more precise positioning of the electron beam on the specimen, similar to
atomic-resolution procedures in aberration-corrected microscopy.

The resulting lateral resolution is better in this case than the 2 CLs + 1 CM case because the mod-
ification of the current values for two of the CLs preserve the magnification power of the emission
source. If one considers a reversal role of CL2 and CL3 that is, increasing CL2 current while decreas-
ing CL3 current, it will result in a similar demagnification power, but the convergence angle will not
be reduced due to the CA. The CA limits the electron beam cone travelling down the column and a
CL2 increase produces a high angle cone above CL3, which results in an unchanged angular resolution.
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Figure 3.3.4: Ray diagrams for a 3-lens condenser system without a CM during the alignment of a quasi-
parallel probe. A) corresponds to the default ray trajectories in high-convergent STEM, B) is the ray
diagram during the alignment of the quasi-parallel beam in which the CL2 current is decreased, and C) is
the setting for quasi-parallel STEM. Dashed lines in C) represent the ray trajectories if the CA is not used.

Figure 3.3.5A shows the balance of CL2 and the CL3 current values for the aligned system on the
JEOL 2100 LaB6 at three different values of CL1 (spot size). While decreasing CL2, CL3 has to
be increased in order to recover the probe z-displacement at the specimen plane until the minimum
angular resolution is reached (see Figure 3.3.5B). Then, the parallel condition is fulfilled (image
distance of the crossover for CL2 coincides with the CL3 ffp) and the convergence angle starts to
increase again. At this point, the object for CL3 becomes virtual and its strength has to be strongly
decreased to recover a focused beam on the specimen plane, which is seen in the sudden drop of the
CL3 current value in Figure 3.3.5A that fits to the situation after the minimum angular resolution
is achieved in Figure 3.3.5B.

Another interesting conclusion from the plots of Figure 3.3.5 is that a higher spot size results in a
lower angular resolution. Figure 3.3.6 shows the ray diagram that compares two different spot sizes
(different CL1 excitations). The difference may not seem significant but the convergence angle can
change from 0.5 mrad to 0.25 mrad. Since CL2 current is lower and CL3 current is higher for the
higher spot size (higher CL1), the parallel condition for CL3 is reached at a smaller focal distance.
In these conditions, the inverted cone of electrons converging at the object distance of the pre-OL
is formed by electrons with lower tilting trajectories compared to the lower spot size case, thus the
final convergence angle at the specimen plane is lower as well.
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Figure 3.3.5: A) CL3 current and B) angular resolution (2α) against the CL2 current obtained with a
JEOL 2100 LaB6 using a 3-lens condenser system (CM deactivated). Interpolated curves are obtained by
six-order polynomial fittings. The black arrows indicate the initial default values for the different spot sizes.
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Figure 3.3.6: Ray diagram with two different excitations of CL1 (spot size). The dashed ray trajectories
correspond to a beam with lower CL1 and CL3 strengths and higher CL2 strength (lower spot size case)
compared to the red-coloured beam. s and s′ stand for object and image distance, respectively, for the
corresponding lens.

Finally, it is worth to mention that although this 3 CLs system allows the realization of the Köhler
illumination with electrons [92], the CA limits the achievable beam size, thus the explained electron-
optical mechanism is required to shape quasi-parallel and nanometre-sized beams.
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Figure 3.3.7 sums up the necessary steps to set the quasi-parallel STEM mode depending on the
configuration of the condenser system as well as the comparison with the alignment for the high-
convergent STEM. Once the desired spot size and convergence angle is set, the main difference
between illumination alignments is how to finely find the STEM image focus and correct the con-
denser astigmatism. While the Ronchigram is used for high-convergent beams, the quality of the
scanned image is checked for quasi-parallel settings.
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Figure 3.3.7: Flowcharts for the alignment procedures of the high-convergent and quasi-parallel illumina-
tions in STEM mode. Boxes in red and blue correspond to adjustment steps carried out with the projector
system in image or diffraction mode, respectively. Dashed lines between flowcharts indicate steps similarly
followed by both of them. It is assumed that the eucentric height has been previously found in TEM mode
with a comparable strength of the OL.
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3.4 Precession Alignment in STEM mode
The usual and static PED alignment performed in TEM mode can be extrapolated to STEM mode.
In TEM mode, the alignment is carried out as follows: the beam pivot point is adjusted with the
projector system in image mode while the counter-precession is off. Then, the projector system is
switched to diffraction mode and the de-scan is adjusted to obtain focused patterns. Although this
alignment is easy to follow and fast to implement, the image obtained by the projector system is
not exactly the specimen plane because of the lens aberrations of the projector system [180], which
means that the z-adjustment and OL current modification to focus the TEM image do not result in
the precise projection of the specimen plane. This is the reason why the OL or the CL3 strength
has to be modified in order to get a focused STEM image after the probe was perfectly focused with
the projector system in image mode. In other words, the TEM alignment results in a non-accurate
probe pivoting on the specimen plane suitable to make a so-called coarse alignment for STEM mode,
but the following precession alignment in STEM mode is required to correctly find the optimal beam
pivot point position.

First of all, the STEM mode is selected and the illumination alignment is checked. Figure 3.4.1A
shows an initial image from the aligned quasi-parallel STEM mode. Then, the precession signal is
enabled with the following initial parameters: 30% of maximum amplitude for X and Y signals, and
0◦ and 90◦ for the respective phases on both DCs. This will probably result in a fringed scanned
image like Figure 3.4.1B, which is caused by a pivot point shift of the precessed probe with respect
to the exact position of the specimen plane. To correct this probe shift along the optic axis of the
microscope, the signal sent to DC2 (the so-called beam pivot point) is adjusted using the precession
control system, thus changing the amplitude and phase of the sinusoidal signals until the fringes are
minimized. Some white lines in-between the fringes may appear due to the non-focused reflections of
the pattern, even when the counter-precession signal is on (Figures 3.4.1C and 3.4.1D). At this point,
the beam scanning is stopped and the diffraction focus is recovered modifying the counter-precession
signal of IS1 (the so-called de-scan). These two last steps may be iteratively performed until both
scanned image and diffraction pattern are focused (Figures 3.4.1E and 3.4.1F). Once the alignment
is finished, some contrast fringes may remain due to the non-completion of the last precession cycle
for each pixel, i.e. the precession frequency is not an integer number of the scanning frequency. In
this situation, the beam pivot point alignment has to be carefully performed using the edges of a
reference (preferably in orthogonal directions) instead of the contrast on the sample surface. This
will ensure that the probe is pivoting at the specimen plane.

As STEM mode works with the projector system in diffraction mode, the 6-coils method explained
above can be followed because the recovered focus is only needed at the bfp of the post-OL. However,
the 6-coil method may result insufficient to counter-precess the beam in some microscopes, since it
has been noticed that the addition of a signal to the second pair of IS coils increases the strength
of the first pair. This is because of the cross-talk between IS coils and the DL, which means that
any current change on a coil or lens may produce a magnetic interference to the closest coils and/or
lenses. This cross-talk effect is microscope dependent and it is also present in the beam DCs, limiting
the maximum precession angle without the use of non-linear signals for compensation [180]. It is
noted as well that these non-linear effects strongly depend on the connection points of precession
in the controlling boards of the coils, thus the different electronic filters alter and distort the ap-
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plied sinusoidal signals. For this reason, it is advised to solder the cables of the precession signals
as close to the last electronic controlling stage of the boards as possible to avoid these undesired
behaviours. This reduces the possibility of interference by electronic noise yet cross-talk effects may
still be present. In this case, a constant signal may be sent to IS2 to help IS1 to recover a focused
diffraction pattern during the PED alignment.
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Figure 3.4.1: STEM-HAADF images and diffraction patterns from a standard Au oriented sample obtained
with a JEOL 2100 LaB6 during the PED-STEM alignment. A) Quasi-parallel STEM image, B) quasi-
parallel PED-STEM image with precession misaligned, C) quasi-parallel PED-STEM image with precession
signal aligned but misaligned counter-precession, D) precessed diffraction pattern with misaligned counter-
precession, E) and F) correspond to a quasi-parallel PED-STEM image and its related precessed diffraction
pattern at 0.7◦ of precession angle.

The whole alignment in STEM mode is performed without changing the projector system to image
mode, thus the precessed electron beam has not been aligned on the image plane of the OL. In
some cases it could be interesting to have an aligned precessed probe in the image plane, e.g., for
reduced contrast artefacts in TEM imaging [123]. If this application is desired, the projector system
is switched to image mode and the counter-precessing signal sent to the IS2 (so-called image pivot
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point) is adjusted until a focused beam is obtained. Then, the projector system is switched back to
diffraction mode and the de-scan may need to be re-adjusted to focus back the reflections. These last
two steps may be iteratively performed until the precessed beam is focused on both planes. Once
this alignment is finished, the switch between diffraction and image mode with precession activated
will result in focused diffraction patterns and focused TEM images, while the microscope is in STEM
mode and the probe is accurately pivoting at the specimen plane. This method is referred to as
the 8-coils based alignment. Figure 3.4.2 shows the summarized steps to align PED in STEM mode
according to the coils based method once the initial values of amplitudes and phases are already
applied.
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Figure 3.4.2: Flowchart of the precession alignment in STEM mode. Prec., Counter-prec. and Scan
stand for precession, counter-precession and scanning of the beam, respectively. Red boxes mean that the
adjustment is performed with the projector system in image mode and the blues ones in diffraction mode.

All steps of the PED alignment procedure should ideally only require phase modifications in order
to preserve the uniformity of the applied signals and the circularity of the precessed beam. However,
this is never the case because it depends on the previous alignment of the beam, the TEM lenses me-
chanical positions, the pole piece geometry and the z-position of the holder for eucentricity condition.
Therefore, the signal amplitudes have to be modified as well. Interestingly, this PED alignment can
be performed in high-convergent STEM and the signal parameters can be stored to be used as a start-
ing point for the alignment in quasi-parallel STEM. In this case, the amplitudes have to be modified
by a factor on both directions to retrieve the same precession angle, and slight changes on amplitudes
and phases are enough to recover the diffraction focus and the precessed probe at the specimen plane.
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3.5 Electron Dose

An important parameter to characterize from the different settings of the illumination system is the
electron dose (e-dose) rate, which is defined as the number of electrons over area and time (e−/Å2s).
In this work, the e-dose rate is estimated following the method already applied by Kolb et al. [3];
the integrated intensity on the charge-coupled device (CCD) detector is calibrated against the e-dose
rate from the fluorescent screen for high dose measurements and extrapolated as a straight line for
the low-dose range where the screen is not sensitive enough. By using this procedure, the mean
e-dose rate for the quasi-parallel STEM in the JEOL 2100 LaB6 with the 10-µm CA and spot size 3
using the tested CM and the non-CM settings turn out to be around 250 e−/Å2s and 650 e−/Å2s,
respectively, if the FWHM circular area of the probe is used, while it decreases down to ∼ 170 e−/Å2s
and 450 e−/Å2s, if the full-width at tenth-maximum (FWTM) is considered. The e-dose rate for the
high-convergent STEM in the same microscope with the 10-µm CA and spot size 3 is ∼ 800 e−/Å2s
and 400 e−/Å2s (FWHM and FWTM respectively).
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Figure 3.5.1: Electron dose rate (e−/Å2s) against the FWTM of the electron probe (nm) in log-log scale
for different spot sizes of a FEI Tecnai F30 operated in Microprobe mode, 10-µm CA and gun lens 8. The
interpolated lines have been obtained by a power function according to e-dose rate = a/FWTM2, where a
is the parameter to determine by the fitting. The inset image corresponds to the probe image at spot size
8 showing the different rings that are visible by the high coherence of the electron beam in a FEG.

Another intensively used microscope in this work providing a brighter source is a FEI Tecnai F30
FEG (2 CLs + 1 CM system) operated at 300 kV with a S-Twin OL in which the available Mi-
croprobe mode is enough to carry out diffraction experiments. The standard illumination setting is
spot size 6, gun lens 8 and 10-µm CA, which produces a diffraction-limited probe of 2.7 ± 0.1 nm
at FWHM or 4.8 ± 0.1 nm at FWTM with a convergence angle of ∼ 0.4 mrad. The e-dose rate is
around 1850 e−/Å2s (FWHM) and 1100 e−/Å2s (FWTM). Figure 3.5.1 shows a plot of the e-dose
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rates according to the FWTM of the electron probe at different spot sizes of this microscope. If the
spot size is increased up to 11, the e-dose rate decreases down to ∼ 2 e−/Å2s at FWHM of the beam
diameter and ∼ 1 e−/Å2s at FWTM without further reducing the minimum beam diameter because
of the diffraction limit.

When working in STEM mode, the accumulated e-dose on the scanned area has to take into account
the probe diameter and the pixel size or beam shift for each pixel during the scanning (nm/pixel).
Each shift step of the probe that corresponds to a defined pixel does not imply that the beam is not
interacting on previous or following probe positions, as this depends on the beam size in comparison
to the pixel size. This overlapping possibility is more likely the bigger the probe diameter is, such as
the case of quasi-parallel STEM. Consequently, the accumulated e-dose (D) on the scanned image
is the e-dose rate (Drate) multiplied by the dwell time (tpixel) and the factor between the probe area
and the beam step:

D = π(dbeam/2)2

(Beam Step)2 · tpixel ·Drate

(
in e−

Å2

)
(3.5.1)

where Drate has to be calculated or measured using a circular area of dbeam diameter in order to be
consistent. An interesting case is the accumulated e-dose difference between Figure 3.3.3A (high-
convergent beam) and 3.3.3G (quasi-parallel beam) for the JEOL 2100 LaB6. Here, the beam step
and the dwell time were set to 1.8 nm and 3.1 ms in both images and the only difference was the
beam diameter and its related e-dose rate. The probes had a size of 8.5 nm and 14.6 nm (FWHM),
which lead to a strong overlap when such small beam steps are applied. While the high-convergent
beam illuminates the pixel area 17 times the dwell time, the quasi-parallel beam is shinning 50 times
the pixel area. Following equation 3.5.1 and the correlation error formulae, the accumulated e-dose
turns out to be 4 ± 2 e−/Å2 and 4 ± 1 e−/Å2 for the high-convergent and quasi-parallel STEM
image, respectively. Although the beam is illuminating more area when a quasi-parallel beam is
used, the e-dose rate is higher for a convergent beam, and, therefore, the accumulated e-dose of both
images is similar at the end. In this way, these low values are in the range considered as low-dose
[181] and it demonstrates that the STEM mode can be used as an alternative way to obtain images
of beam sensitive materials without the use of a direct detection detector.
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3.6 Results and Discussion
The quasi-parallel STEM mode has been tested in a JEOL 2100 LaB6 TEM following both alignment
procedures (with and without CM). Figure 3.6.1 displays the TEM images of the resulting electron
probes for the different studied illumination conditions. The assessment of lateral resolution by mea-
suring the beam diameter in TEM imaging does not yield a reliably accurate value by itself, due to
lens aberrations in the projector system that become significant at high magnifications [180, 182].
Nevertheless, it provides a good estimate to compare between the different electron beam settings.
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Figure 3.6.1: Electron probe images for A) high-convergent STEM with FWHM of 8.5 ± 0.2 nm, B)
quasi-parallel STEM using 3 CLs with FWHM of 11.3 ± 0.4 nm, C) quasi-parallel STEM using 2 CLs and
the CM with FWHM of 14.6 ± 0.6 nm, and D) quasi-parallel PED-STEM using 2 CLs and the CM at
0.7◦ of precession angle but counter-precession deactivated with FWHM of 16 ± 1 nm. All images were
acquired with a JEOL 2100 LaB6 at spot size 3 (CL1 at 2.92 A). C) and D) were obtained with the same
probe-forming current settings. Images are displayed on a linear scale with the same intensity range.

The CM-used alignment with CL2 deactivated reported a lateral resolution of 14.6 ± 0.6 nm and 0.50
± 0.03 mrad of convergence angle. On the other hand, the alignment with CM deactivated resulted
in a better lateral resolution (11.3 ± 0.4 nm) and lower convergence angle (0.25 ± 0.03 mrad). Such
difference comes from the bigger distance from the last active lens to the specimen for the non-used
CM case, thus an increased demagnification of the electron source that is also reported in the work
of Yi et al. for a FEI Titan probe-corrected [178]. Another important point from these values is
that they are far from the theoretical limits given by the diffraction of the CA (5.3 nm and 2.6 nm
for 0.25 mrad and 0.5 mrad, respectively). That is because the CL1 is not excited to its maximum
strength during this characterization due to the high decrease of the probe current that result in too
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noisy STEM images for proper and step-wise analysis. In consequence, the final probe size on the
specimen is mainly determined by the demagnifying power of the condenser system. If spot size 5 is
tested, the beam diameter is reduced to around 8 nm for the 3 CLs case and 11 nm for the 2 CLs and
one CM case. While the diffraction-limit situation is approached in the former, the later is still far
from this condition. In this context, it is clear that a LaB6 TEM needs an extra CL in the condenser
system in order to gain enough de-magnification power to generate the smallest quasi-parallel beam
possible, as it is designed in the JEOL 2100 LaB6. The small tail observed on these beam images
that come from the wear of the LaB6 tip as well as the non-correctable tilted emission of the source
also avoids to reach the desired optimum minimum probe.

A)

50 nm

α  = 0.0°PED B)

50 nm

α  = 0.4°PED

C)

50 nm

α  = 0.7°PED D)

50 nm

α  = 1.0°PED

Figure 3.6.2: High-convergent STEM-HAADF images A) without and B) 0.4◦, C) 0.7◦ and D) 1.0◦ of
precession with a JEOL ARM200F probe-corrected. These images of 1024 x 1024 pixels were acquired with
a HAADF detector at 40 µs of dwell time.

Figures 3.6.1C and 3.6.1D show that the probe diameter is increased about 1.8 nm when precession
is applied while keeping a constant OL strength. The initial expression introduced by Vincent and
Midgley [111] (dprec = 4C30α

2
PEDα) defines the disk of least confusion when precession is applied by

taking into account the spherical aberration of the OL. It provides the theoretical guideline for the
behaviour of the probe under precession, but in this case it underestimates the enlargement as it
predicts an increase of only ∼ 0.3 nm (C30 = 1 mm, α = 0.0005 rad and αPED = 0.012 rad). Recent
work showed that this expression is followed at higher precession angles (more than 1.5◦) in which
the probe size is limited by the tilt-induced two-fold astigmatism caused by the off-axis condition
of the precessed beam [173]. Although precession angles higher than 1.5◦ have not been explored in
this work, the precession alignment was tested in a JEOL ARM200F with a UHRP and equipped
with a CESCOR probe corrector using the high-convergent STEM mode. Since the initial alignment
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was optimized for a non-precessed beam, the OL current and the stigmator had to be finely retuned
to achieve the maximum STEM image sharpness after precession was activated and the precessing
pivot point was correctly adjusted on the specimen plane. This amounts to compensate minor beam
offsets along the optic axis and retrieve an aberration-corrected precessed probe nearly equivalent
to the non-precessed one [183]. Figure 3.6.2 shows the accurate precession alignment that can be
obtained using the described alignment method with a probe size of about 2.5 Å and 6.8 mrad of
convergence angle. Under these considerations, the only source for beam broadening shown in the
comparison of Figures 3.6.1C and 3.6.1D at 0.7◦ of precession angles is the electronic noise from
the controlling boards of the DCs, which is also suggested in the work of Barnard et al. [173]. It
has been observed that this noise can be highly suppressed when specifically-designed alternate cur-
rent driving boards for the DCs are used to send the precessing signal instead of direct current boards.

An alternative precession alignment procedure based on the adjustment of the sharpness of the
shadow image inside the primary beam disk was proposed by Barnard et al. [173], which reported
very good results comparable to the ones obtained in this work. However, this alignment can only
be performed when TEM observations are carried out with FEG-equipped machines, but not if using
a thermionic electron source due to its low coherence. Another notable inconvenience is the use of
different CAs during the alignment procedure, which may lead to additional aberrations or beam
shifts. It is true that the STEM image sharpness adjustment proposed in this work contains some
uncertainty, but not much more than that of the usual focusing of a STEM image, and accurate
precessed pivot point positioning on the specimen plane can be obtained without being dependent
on the emitting source and the mechanical change of apertures. A more favourable case scenario
for the Barnard et al. method is when high precession angles are used and compensation curves
need to be applied. Here, if the 6-coils based method is used, this last adjustment may be difficult
because the changes on the probe are not highly significant, thus the rapid scanned image does not
show enough accuracy to detect it and subsequently correct it. Therefore, the first step of the 6-coils
based method has to be re-done to carefully obtain a focused probe in the image plane, following
the compensation method shown by Viladot et al. [119]. Alternatively, the projector system can be
kept in diffraction mode and the compensation could be checked on the shadow image easier than in
the scanned image, given that the beam coherence is good enough.

When diffraction experiments are considered, the accumulated e-dose on the sample is an impor-
tant parameter to ascertain whether the electron beam can damage the sample in some way. The
material sensitivity needs to be taken into account at this point, but also the detector sensitivity,
since it determines the exposure time needed to acquire reflection intensities of good signal-to-noise
ratio. 1 and 2 seconds are usual values used in CCDs, which raises the e-dose at FWHM up to ∼
1300 e−/Å2 and 1600 e−/Å2 per pattern for the JEOL 2100 LaB6 (quasi-parallel and high-convergent
STEM, respectively, with spot size 3 and 10-µm CA), and ∼ 3700 e−/Å2 for the FEI Tecnai F30
with spot size 6, gun lens 8 and 10-µm CA. These e-doses are quite high and they are not appro-
priate for diffraction applications on beam sensitive materials. Moreover, the results from the JEOL
2100 microscope show that a highly-convergent beam could easily induce more carbon contamina-
tion formed by electron beam induced polymerization of surface hydrocarbons in comparison to a
low-convergent beam, as the probe diameter is smaller while keeping similar probe currents. In order
to overcome these limitations, two beam sizes have to be used; one for scanned imaging and one for
pattern acquisitions with a higher probe diameter, as it is standard for 3D ED experiments. This
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will greatly decrease the e-dose, as shown in the plot of Figure 3.5.1, and increase the number of
acquired patterns before the full crystalline degradation of the material. Furthermore, the increase
of the beam size also reduces the convergence angle and allows to obtain more focused reflections in
the diffraction patterns. Although this is a feasible solution for single pattern acquisitions, it cannot
be applied to 4D-STEM applications because the lateral resolution will get worse. One way to mini-
mize the beam damage with the current hardware setting would be to align and set the illumination
conditions on a close-by area of the interesting region, and shift to the desired area only when the
diffraction data is acquired. Nevertheless, the best solution would be to use faster and more sensitive
detectors as explained in the previous chapter. It is worth to point out that the STEM images shown
here were not optimized for low-dose experiments as the sample areas are oversampled (the beam
step is smaller than the beam diameter), but they quantitatively demonstrate the validity of STEM
imaging for beam-sensitive applications.
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3.7 Conclusions
An alignment method that takes into account the different optical elements of the condenser system
has been explained in order to align a quasi-parallel beam while the microscope is in STEM mode.
The use of the CM in the four condenser lens system of the JEOL 2100 LaB6 has been studied
by considering two different minimum settings: 2 CLs plus 1 CM and 3 CLs. The achieved probe
diameters in both systems demonstrate that electron diffraction studies at spatial resolutions up to
15 nm and convergence angles limited below 0.5 mrad can be performed with both settings. The
electron dose measurements show that such illuminations are feasible for investigations on beam sen-
sitive materials. However, when high excitations of CL1 (high values of spot size) are applied, more
sensitive detectors need to be used in order to enhance the signal-to-noise ratio of the measurement.
It has also been shown that these three condenser lens systems together with the conditions of a
LaB6 filament hinder the possibility to reach the diffraction-limited probe, and the beam diameter
is mainly determined by the de-magnifying power of the optical system. These results justify the
design of the 4 CLs system in the JEOL 2100 LaB6 in order to obtain the smallest possible beam
in quasi-parallel conditions as it is seen in the reported values of Table 3.2.1. The use of a 4 CLs
system in FEG TEMs is only necessary when flexible illumination settings are desired, as the smallest
physical probe can be obtained as shown in the example of the FEI Tecnai F30.

A novel precession alignment method has also been described while working entirely in STEM mode
and without switching the projector system to image mode. Such procedure allows to accurately
position the precessing pivot point at the specimen plane down to the angstrom spatial resolution,
thereby ensuring that the precession movement during the acquisition of STEM images and diffrac-
tion patterns is exactly applied at the sample, and it is not shifted along the optic axis. The explained
methodology has been compared to a recently reported method and it has been demonstrated that
the alignment of this work has a wider range of applicability while yielding similar results. Since it
does not depend on the illumination settings of the condenser system, the alignment workflow can
be followed as well when a high-convergent probe is used.

In this way, the presented alignments allow to set the quasi-parallel PED-STEM mode and get the
TEM ready for the required electron diffraction experiments. In the context of this doctoral thesis,
these alignment methodologies are used as the pre-condition to develop a new technique for the
acquisition of 3D ED datasets and its application to the crystallographic characterization of several
different materials.



Chapter 4

Fast-ADT: The Technique

Нельзя все понять сразу, мы не можем
начать с совершенства сразу!
[One can’t understand everything at once,
we can’t begin with perfection all at once!]

Идиот [The Idiot]
Fyodor Dostoevsky

The last chapter has shown how an electron beam is aligned in a TEM to work with a precessed and
quasi-parallel illumination in STEM mode for experiments based on the acquisition of diffraction
patterns. This chapter is focused on the summary and description of the acquisition and processing
tools of 3D ED data for crystal structure determination and refinement, and the development of an
automated and reliable routine to systematically acquire such diffraction data in TEM or STEM
mode. The novel acquisition method has been called fast and automated diffraction tomogra-
phy (Fast-ADT) and it is based on two subsequent tilt scans of the goniometric stage; the first one
to generate a crystal tracking file from the imaging of the targeted crystal, and a second one for the
automatic acquisition of the diffraction patterns while the beam is following the crystal according to
the previously created file. Such technique has been separately implemented in Digital Micrograph
and Matlab environments to be accessible to as much types of microscopes and detectors as possible.
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4.1 3D Electron Diffraction
The concept of 3D ED has been recently established and conventionalized in order to refer to the
electron diffraction patterns collection and its 3D data evaluation for crystal structure characteriza-
tion, independently of the used acquisition method and data processing tools [14]. In the past, the
EDT acronym was more widely used to address this specific methodology, but the word tomography
in this context could be misleading. Tomography is a combination of the Greek-originated words
tomo- and -graph. Tomo- stands for cut or section while -graph means draw or meaning, although
here it would be more appropriate to translate it as description. Thereby, tomography is a section
descriptor. The origin of this wording goes back to 1914, when the polish radiologist Karol Mayer
was the first to attempt to describe how to produce tomographic images of humans, i.e. sections
of the inner body [184]. In this way, tomography sounds correct for an electron diffraction pattern
since it is an ODS section, hence a single diffraction pattern is a tomogram of the ODS. However,
to refer as tomography to the 3D reconstruction of the ODS by means of several diffraction patterns
is not strictly correct, if its original meaning based on the real space is taken into account. Image
tomography consists on the acquisition of different projections from a physical object, and their pro-
cessing through filtered back projection or iterative algorithms to obtain a 3D reconstruction from
which sections can be extracted. An electron diffraction pattern is not a projection but a section
of the sampled space, as shown through the Ewald geometry in the second chapter, and the 3D
reconstruction procedure is different because the object projection has not to be considered. For this
reason, the 3D ED acronym fits better to define the acquisition and reconstruction of the ODS, since
it avoids the confusion of what tomography means in this case and graphically explains what you
obtain before and after data processing.

4.1.1 The Reasons and Core Idea of 3D ED
The core aim of 3D ED is to obtain significant and quantitative information from the electron
diffraction space to carry out reliable crystal structure determinations. The structural characteriza-
tion by means of TEM techniques is not a novel method despite some claims during the last years
[185, 186, 187]. It is true that the development of fast and sensitive detectors triggered the easier
and more reliable acquisition of electron diffraction data from beam sensitive materials, like organic
or protein crystals, yet several crystallographic studies were carried out in the past. In fact, one of
the first quantitative electron crystallography analyses was done on a thin layer of paraffin by R.
Rigamonti back in 1936 [188].

The usual method in earlier days of electron diffraction dealt with the acquisition of SAED single-
crystal or textured patterns oriented in zone-axis. Zone-axis means that the measured crystal is
oriented with Miller planes related to low hkl indexes parallel to the incident radiation, which al-
lows to identify the possible symmetry relationships and systematic extinctions related to the crystal
space group in an easier way than in a randomly oriented pattern. The intensity integration of the
reflections from such 2D sections of the ODS allowed to obtain the projected atomic potential along
the zone-axis direction. In some cases, a few of these analyses enabled the determination of crystal
structures in organic [189, 190, 191, 192] and inorganic [193, 194, 195] materials. Less frequently,
poly-crystalline diffraction patterns were also used in a similar way as X-ray powder diffraction
(XRPD), even discussing the possibility of hydrogen positions determination [196, 197]. More infor-
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mation about the historical perspective and initial works of electron crystallography can be found in
the books and reviews of Boris K. Vainshtein and Douglas L. Dorset [198, 199, 200, 201].
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Figure 4.1.1: Normalized scattering factors for the hydrogen atom using X-rays (blue) and electrons (red)
against sin(θ)/λ. Values are obtained from the International Tables for Crystallography, Vol. C [54].

The initial electron crystallography works reported reasonable results for light-atom structures. From
a kinematical point of view, datasets from electron diffraction should provide an “easier” detection
of hydrogen positions compared to X-ray diffraction due to the higher scattering factors (see Figure
4.1.1). Furthermore, the values of the scattering factors decrease between Li and Ne for electron
diffraction, while they increase according to the atomic number in X-ray diffraction. This character-
istic provides an alternative way to locate such light atoms and confirm results from X-ray diffraction.
The problem arises when the same methods are applied to heavier-atom structures.

The second chapter of this work has shown that the interactions of electrons with matter is much
stronger than X-rays or neutrons. Crystals with thicknesses of around 50 Å are enough to produce
several diffracting events for a given incident electron wave [49]. Crystals are usually thicker than
a hundred Å and, if they are composed of heavy atoms, the possibility of multiple scattering events
becomes almost certain. That is the reason why some lack of confidence was present in the crystal-
lography community between 1950 and 1970 regarding the structural characterization of materials
by electron diffraction [202, 203, 204]. Nevertheless, it has to be said that during that time the
structure determination algorithms were also developed and optimized only for X-rays, hence the
poor convergence on the crystallographic solutions for electrons.

After 1970, TEM resolution started to reach the point in which atomic-resolution imaging was pos-
sible. Initially, crystallographers used HRTEM images and its related spectrum image (the Fourier
transform of the image) to extract amplitudes and phases of crystals and subsequently solve different
structures [205, 206, 207], yet the combination of HRTEM imaging and SAED single-crystal diffrac-
tion patterns was even better. While the former was used to identify the heavy atom positions, the
latter could determine the lighter ones and refine the crystal structure [208, 209]. Although this
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approach yielded good results, it was not generally followed because it was not always possible to
acquire atomically-resolved images due to beam damage or crystal thickness.

Single-crystal patterns started to be used more frequently to solve ab initio inorganic crystals dur-
ing the 90s in spite of dynamical effects, mainly because of the higher accessibility to programs for
structure solutions based on electrons [210, 163]. However, it was still tricky to retrieve the crystal
phase with confidence and it was not until the development of PED that reliable structure determi-
nation started to become possible [111]. The acquisition of precession-assisted diffraction patterns
in zone-axis showed that dynamical scattering was reduced on the reflection intensities and several
inorganic structures could be solved considering them pseudo-kinematic [211, 212, 165]. Some correc-
tions were proposed to apply on the integrated reflection intensities to take into account the Ewald
sphere wobbling in the diffraction space and the remaining multiple scattering, yet intensities were
still intrinsically dynamical [213, 214]. In this context, 3D ED emerged as the definitive solution for
structure determination via electrons.

The main idea of 3D ED is the acquisition of electron diffraction patterns from a single crystal at
subsequent or continuous tilt angles of the sample holder around an arbitrary crystallographic axis.
This new idea was initially developed and implemented by Ute Kolb and coworkers during 2007-
2008 [3, 4], and it has several advantages compared to previous methods, all of them focused on an
increased possibility of reliable crystal structure characterization.

1. The crystal does not need to be oriented around a specific crystallographic axis, hence previous
information on the crystal is not needed, and the electron bombardment on the crystal, that
is susceptible of damage, is reduced.

2. Since zone-axis patterns are less likely to be acquired, the integrated intensities are closer to the
ones predicted by the kinematical theory. The inclination of the electron beam from the zone
axis reduces systematic dynamical effects arising from the interaction of systematic reflection
classes (such as 00l) [12].

3. The diffraction space is finely sampled over the used angular range of the specimen holder. This
increments the number of available independent reflections according to the crystal system, the
so-called completeness (%) of the dataset.

4. For unknown materials, it avoids to intensively investigate zone-axis patterns in order to de-
termine the crystal system. The ODS reconstruction allows an easy identification of possible
unit cells and reflection indexing.

5. 3D ED data enables an easier accessibility to the study of crystal disorders, twinning or poly-
crystallinity because of the 3D visualization of the diffraction space.

Two years after this approach was published, Mugnaioli et al. presented its coupling with PED to
optimize the minimization of dynamical effects for successful structure determination based on the
kinematical theory [117]. For all these reasons, 3D ED was established as the main technique for
electron crystallography. Figure 4.1.2 shows a sketch of the main steps followed by electron diffrac-
tion to determine crystal structures.
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Figure 4.1.2: Main steps followed by electron diffraction; from diffraction data acquisition to crystal
structure determination. The symbol of the hourglass indicates that data processing tools are being used.

4.1.2 The Processing of 3D ED Data

Several programs have been developed for the data processing of stacks of electron diffraction pat-
terns. Most of the electron crystallography community uses one of the following programs in order
to index and extract the reflection intensities from the ODS: eADT [12], PETS2 [13], EDT-Process
[10], RED data processing [11], XDS [215, 216] or DIALS [217]. The basic procedure on all of these
software packages is quite similar because the same algorithms from single-crystal X-ray diffraction
were adapted to the case of electron diffraction. Apart from the appearance of the graphical user
interface, the main significant difference among them is how the intensity of the reflections is in-
tegrated and extracted. Figure 4.1.3 shows the basic workflow with the different steps from the
acquired diffraction data to the extraction of the intensities of reflections based on the eADT pro-
gram developed by U. Kolb and coworkers.

Initial steps on the diffraction data processing are focused on the unit cell determination, i.e. the
reciprocal lattice that fits most of the reflections positions in the best way. At this point, the in-
tensities of the different reflections do not play a leading role and algorithms related to their change
can be applied for enhanced performance of peak search procedures and better visualization of the
reconstructed ODS. This preparation process is frequently called data pre-processing.
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Diffraction Patterns Stack
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Pattern Centring 2D Search of Re�l. Position

Tilt Axis Determination
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Figure 4.1.3: Basic workflow of 3D ED data processing from the raw diffraction data to the integration
and extraction of the intensities of the reflections based on the eADT program. “Refl.” stands for reflections.

eADT has three different algorithms to modify the intensities of the diffraction patterns. The first
two are directed to background subtraction of the pattern. One is based on the fitting of 2D Gaussian
functions with a given reflection size in pixels, and the other one is a rolling-ball algorithm [218] with
an input of minimum and maximum intensities from background peaks. The third algorithm blurs
the patterns by the convolution of a given-size 2D Gaussian function to each position of the whole
diffraction pattern. These three routines facilitate the different processing steps mentioned in Figure
4.1.3, which are briefly explained below.
• Pattern centring. There are two ways to find the centre for each diffraction pattern. If a

beam stopper is necessary due to beam damage, a set of symmetric reflection pairs that fulfils
the Friedel relation (|F (hkl)|2 = |F (h̄k̄l̄)|2) can be identified [219], and the intersection of lines
drawn between them is considered the centre. When the primary beam is available, the search
for the pattern centre is more straightforward as it is assumed that it corresponds to the highest
intensity with the largest extent. Here the rolling-ball blurring algorithm helps to smear out
possible heterogeneities of the intensity shape of the strongest beam and helps to accurately
find its centre. In case that scattered beams have higher intensity than the primary beam, a
maximum displacement value according to the previously found centre can be set to avoid the
algorithm to pick highly different centre positions for subsequent patterns. If necessary, the
pattern centres can be manually corrected as well.

• 2D search of reflections position. High intensities of individual pixels are searched above a
certain threshold value. Once these pixels are identified, a clustering routine is performed with
minimum and maximum number of pixels in the cluster as the input parameters. In this way,
the obtained clusters formed by groups of a defined number of pixels are assigned as reflection
positions for each diffraction pattern.
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• Tilt axis determination. The tilt axis position in the diffraction patterns must be precisely
known to enable a non-distorted 3D reconstruction of the diffraction data. Although it may
slightly change during the 3D ED acquisition because of defocus on the particle due to the z
position variation, it is assumed that it is constant during the measurement. Since periodicity
is the primarily characteristic of a crystal, it can be used to determine the tilt axis position. In
eADT this position is defined as the angle ϑ with respect to the y-axis of the frame that has
its origin at the centre of the pattern and it is considered positive when moving clockwise (see
Figure 4.1.4A). Then, difference vectors from the reflection vectors that have their origin at
the centre of the patterns are calculated and several ϑ for a given range are used to reconstruct
their related difference vector spaces (DVS). In order to precisely determine ϑ, a stereographic
projection is calculated for each reconstructed DVS (analogous to the Wulff net [220]). Figure
4.1.4 shows three of these projections for the same diffraction dataset at different values of ϑ.
The tilt axis position is correctly selected from the projection that contains sharper lines and
points, for instance, Figure 4.1.4C in the example below.

D)C)

A)B)A)

x

y

Figure 4.1.4: A) Diffraction pattern overlapped with the framework and the tilt axis (red arrow) consid-
ered by eADT. B), C) and D) are stereographic projections of a ferrosilicide [25] diffraction dataset. B)
corresponds to a deviation of -10◦ from the correct ϑ, C) is the best fitting ϑ and D) is deviated +5◦ from
the correct one.

• 3D reconstruction of reflections position. The 3D coordinates of the identified reflections
are calculated by means of the determined tilt axis position, the pattern centres and the tilt
step assigned to each diffraction pattern. As each individual frame does not strictly correspond
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to a plane section of the ODS, but is slightly curved as shown from the Ewald sphere geometry,
the positions must be calculated according to a curved surface whose radius depends on the
electron wavelength.

• Cell search. The unit cell determination can be carried out directly from the 3D reconstruction
of the reflections position. However, since a translation grid is looked for, the calculation of
its DVS is advantageous because the periodic distances between reflection positions will result
in groups of points. The more points a group has in the DVS, the more times that periodic
distance is present in the 3D reconstructed data. These groups need to be clustered in order to
reduce uncertainty from the clouds of points and enhance the positioning of the unit cell vectors.
Since the number of clusters and its exact shape changes with different measured crystals, a
density-based algorithm called “density based spatial clustering of applications with noise” is
used [221]. The main idea of the algorithm is to recognise high-density regions (reflections)
from low-density regions (background). In this way, the minimum number of points needed to
form a cluster, the maximum distance between points within a cluster, and the cluster density
for a given box size are the parameters used to make the clustering of the DVS. In other words,
an initial set of clusters determined from the 3D reconstruction of the reflection position is used
for a second clustering based on their density. This procedure is implemented in eADT and it
allows an automatic determination of the primitive unit cell that should describe all significant
cluster points by an integer multiple of the basis vectors [222]. Nevertheless, the automatic
result has to be checked and, if necessary, manually corrected in the DVS.

• ODS reconstruction. Apart from the 3D reconstruction of the reflection positions, the sam-
pled ODS during the 3D ED experiment can also be reconstructed. This does not require
algorithms that take into account projected objects, like in image tomography, because diffrac-
tion patterns are sections of the diffraction space. Therefore, its 3D reconstruction is a basic
geometric routine that positions the acquired intensities according to the centre, the position
of the tilt-axis and the assigned tilt angle of the pattern. The visualization of the sampled ODS
allows to inspect the diffraction space and look for diffracting effects that may be overlooked
by the previous routines based on localizing intensity peaks, such as reflection texture, diffuse
scattering or weak reflections that violate systematic extinctions of an initial selected space
group.

• Cell adjustment. The unit cell found from the DVS could match perfectly the clustered
positions but the fitting of its related reciprocal lattice to the reconstructed ODS may not be
as good as it could. For this reason, the reciprocal lattice is overlapped to the reconstructed
ODS to check by visual aids if all observed reflections are indexed and, if necessary, correct and
modify the six unit cell parameters to obtain the best match. Here the centring and extinction
conditions can be examined in different ODS sections and rows of reflections in order to retrieve
the possible space groups of the investigated crystal.

Once the unit cell is accurately adjusted, the orientation matrix, UB, is obtained. The UB
relates the a, b and c axes of the found unit cell with the x, y and z axes of the tomographic
acquisition framework. Mathematically, a vector ~g in the unit cell framework is described in
the framework of the experiment by

~gtomo = UB · ~g



4.1. 3D ELECTRON DIFFRACTION 93

UB =

a
∗
x b∗x c∗x
a∗y b∗y c∗y
a∗z b∗z c∗z


In this way, the program has the coordinates from where the reflections are and the integration
of their intensity in each diffraction pattern can be carried out.

• Integration and extraction of the intensities of reflections. The assignment of an in-
tensity to a given reflection is called intensity extraction in the crystallography community and
it is usually saved in a standard file with hkl extension. The hkl file contains for each reflec-
tion its h, k and l indices, the related extracted intensity and its standard deviation (σ). The
determination of this intensity is done with the raw diffraction data, which should be modified
as little as possible to preserve the intensity ratios between reflections. In this sense, only
the subtraction of the background close to the reflection that may come from the amorphous
diffraction pattern of the carbon film supporting the material under study, and/or electronic
noise of the detector, is performed. In eADT, the intensities from the pixels that form the edge
of the box that constitutes the area of the reflection in the diffraction pattern are summed.
Then, this value is divided by the number of edge pixels to obtain an averaged background
intensity that is subsequently subtracted to the intensity of all pixels inside the reflection box.
Such procedure is applied to all available reflections in each diffraction pattern.

The second chapter has shown that the scattering power for a reflection is distributed according
to the spatial periodicities and size of the crystal. Since crystals or illuminated areas are much
smaller in electron diffraction compared to X-ray, the corresponding intensity distribution is
much wider, thus the excitation error is higher. This means that intensities from the same re-
flection are recorded more than one time in subsequent frames of a 3D ED dataset. A plot that
shows the integrated intensity with respect to the excitation error for a given reflection is called
rocking curve. From the experimental point of view, the smaller the tilt difference between
frames and the closer reflections are to the primary beam, the higher the sampling of reflections.

The second chapter showed as well that in principle the ODS is composed of reflections following
sinc functions. Experimentally, crystals have certain mosaicity, deformation and/or thickness
variations that hinder the fast oscillation of reflection intensities, which results in a smooth
curve that, in some cases, can be fitted to a Lorentzian profile [13]. Nevertheless, the intensity
for a given reflection is usually assigned to the maximum of its obtained rocking curve or via
the integration of the curve. When electron beam precession is applied for the acquisition of a
3D ED dataset, the rocking curves exhibit a different profile. This can be best explained using
a CBED pattern in two-beam condition, where the crystal is oriented to significantly excite
only the primary and one scattered beam, and the scattered beam is formed by interference
fringes produced by the dynamical interaction of electrons with matter. Although similar to
the kinematical case, the distance between fringes is different and it depends on the crystal
structure. Figure 4.1.5 shows the (004) reflection of a CBED pattern in two-beam condition
from a silicon sample of 80 nm in thickness. The plot in the middle corresponds to the resulting
non-precessed rocking curve if the crystal is tilted by small tilt steps along the direction of the
reflection, and a spotty diffraction pattern is acquired at each tilt step to obtain its intensity.
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The mechanical tilt of the crystal induces the displacement of the fringes, hence the corre-
sponding different intensities for a given spotty-like reflection. The blue line in the CBED disk
marks such a hypothetical scanned region. When precession is activated, the resulting rocking
curve changes to the red curve in the right side. Here it has to be considered that the beam is
also moving on the specimen, which results in an integrating circle in the diffraction space for
each tilt step that is defined by the precession angle and ~g. Three different tilt positions are
shown as red circles in the CBED disk of Figure 4.1.5. The maximum of this intensity profile
does not appear when the crystal is tilted to fulfil the Bragg condition, but when the precession
cycle integrates most of the intensity from the strongest fringe of the reflection. Since this con-
dition is fulfilled two times (when approaching and leaving the Bragg condition), the result is a
double-peaked curve with oscillations related to the weaker fringes. When diffraction patterns
are acquired from less perfect crystals and they are out of the two-beam condition, which is the
general case in 3D ED datasets, reflections do not have such interference patterns and rock-
ing curves appear as double-peaked profiles without the ripples associated to the shown fringes.
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Figure 4.1.5: CBED disk of the (004) reflection of silicon acquired in two-beam condition. The plot in
the middle corresponds to the intensity profile of the region marked with a blue dashed line in the CBED
disk. Right side plot is the resulting rocking curve when precession is applied at different tilts along the
reflection direction. The three dashed red circles in the CBED disk correspond to the integrated intensities
by precession for the two peaks and the local minimum of the rocking curve. x axes are in reciprocal distance
units with their origin at the centre of the reflection. The CBED pattern is courtesy of Dr. rer. nat. Lukáš
Palatinus and Dr. Mariana Klementová from the Czech Academy of Sciences in Prague.

PETS2 takes into account the shape of the precessed rocking curves for a fitting based on a
double-peaked function convoluted to a pseudo-Voigt function that mimics the broadening of
the curve due to crystal mosaicity. The parameters of this function are calculated by means
of the least-squares method on the strongest reflections of the 3D ED dataset classified in
diffraction data resolution intervals. Diffraction data resolution is defined in this work
as the largest inverse ~g moduli available or selected in the dataset; the higher the resolution,
the higher the reciprocal distance from the primary beam, and the higher the number of
available reflections. In this way, the scale factors between the experimental curves and the
normalized and calculated rocking curves are used as the assigned intensities to the reflections.
Furthermore, the use of the least-squares method between simulated patterns based on these
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extracted intensities and the experimental ones enables an accurate refinement of the orientation
angles (α, β and ϑ angles) for each frame with respect to the UB, down to 0.05◦ in accuracy
[13]. eADT works with precession datasets as well but it assigns the maximum of these curves
as the intensity for the reflections. Although the fitting of a double-peaked function avoids
the problem of poor sampling of reflections at high diffraction data resolutions, the maximum-
intensity methodology used by eADT has reported excellent results since its invention [223,
224, 225, 226, 227] .

Once the unit cell, its possible space groups and a hkl file have been retrieved from the 3D ED
data processing, the only missing information for crystal structure determination is the chemical
composition. This can be obtained by means of the chemical routes used for the synthesis of the
material, but also EDS and EELS measurements can be used to identify the elements present in
the crystal and the approximated ratios between them. When molecular crystals are investigated,
Hofmann tables [228] can be used to calculate the molecule volume and determine the number of
molecules inside the found unit cell.

4.1.3 Structure Solution Algorithms
The crystal structure determination is a procedure that can be done with several approaches and
programs. The use of the Patterson function, already introduced in the second chapter, was one of
the first implemented methodologies for such purpose, but, for brevity, only the three algorithms
used through this work will be revisited here. Since the aim is to solve the phase problem, this
process has been traditionally referred to find the structure solution.

4.1.3.1 Direct Methods

The second chapter showed that reflection intensities are proportional to the square modulus of their
structure factors according to the kinematical theory of diffraction.

I(~g) = |F (~g)|2 =
N∑
j=1

f 2
j +

N∑
j>k≥1

fjfk cos(2π~g(~rj − ~rk))

This equation implies that intensities are acquired on an absolute scale, which is not correct because
intensity values are not direct counts of the diffracted radiation. For this reason, observed intensities
are described as

Iobs(~g) = |Fobs(~g)|2 = K|F (~g)|2 exp(−2Bs2) (4.1.1)
where K is a scale factor, the scattering factors f(~g) are calculated from the IUCr tables [54], s
is sin θ/λ and B is the overall isotropic atomic displacement parameter (DP). B is sometimes
referred to as “temperature factor” yet it is a misnomer because in some cases it may have nothing
to do with temperature [229]. Arthur Wilson proposed a straightforward method to determine both
K and the overall B [230].

For a given set of reflections that fall in a range of s in which the difference of the scattering factors
can be neglected, the average values of equation 4.1.1 result in

〈|Fobs|2〉s = K 〈|F |2〉s exp(−2B 〈s2〉) = K
N∑
j=1

f 2
j exp(−2B 〈s2〉)
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If the natural logarithm is applied to both sides of the previous equation, the expression becomes

ln
(
〈|Fobs|2〉s∑N

j=1 f
2
j

)
= lnK − 2B 〈s2〉

so that the fitting of a straight line in the plot of the mean obtained intensities normalized by the
sum of scattering factors against the s range will result in the values of K and B. Experimental
data will never give a straight line because this equation is based on the equiprobability of atomic
positions, i.e. all points in the unit cell have the same probability of hosting an atom, yet structural
regularities are the rules for crystals and some positions are likely preferred than others. Neverthe-
less, it gives a scale factor for the reflection intensities and an overall B that should be positive and
conventionally around 1-2 Å2 for reliable structure solutions in electron diffraction. This overall DP
can be understood as a quality factor for the proposed structure model, while the assignment of a DP
for each atom at the asymmetric unit allows to smear the sharp electrostatic potential obtained from
the scattering factors, fit better the experimental potential, and independently assess the validity of
each atomic position. Such atomic DPs are usually called Debye-Waller factors [57, 231].

The term direct methods (DM) describes those methods that try to derive phases directly from
the observed amplitudes of the structure factors through mathematical relationships. These were
established from the two most important properties of the electron density; it is positive everywhere
and it is composed of discrete atoms. In 1953, Herbert A. Hauptman and Jerome Karle laid the
concepts and probabilistic foundations of DM [232] and, around the same time, David Sayre presented
the equation that revealed the triplet relation. The Sayre equation is defined as

F (~g) = (fg/hg)
Ω

∑
~k

F (~k)F (~g − ~k)

where hg is the scattering factor derived from the square of the electron density and Ω is the unit
cell volume. If both sides of the equation are multiplied by F (−~g),

|F (~g)|2 = (fg/hg)
Ω

∑
~k

|F (−~g)F (~k)F (~g − ~k)| exp [i (ϕ−g + ϕk + ϕg−k)]

When |F (~g)| is large and real, it is likely that the large values from the right side of the equation
will be positive and real as well. For this reason, if |F (~k)| and |F (~g − ~k)| have large values, then

Φgk ≡ ϕ−g + ϕk + ϕg−k ' 0 (4.1.2)

which is usually referred to as the triplet relation. Since this expression is given in a probabilistic
form, probability techniques are needed to identify its reliability. Another important relation is
derived from structure factors that are structure invariants, i.e. they are independent of the choice
of origin. They are generally represented by the product

F (~g1)F (~g2)...F (~gm) ≈ |F (~g1)F (~g2)...F (~gm)| exp [ϕg1 + ϕgm + ...+ ϕgm ]

when
~g1 + ~g2 + ...+ ~gm = 0
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The sets of F (−~g)F (~k)F (~g − ~k) that fulfil the above condition are called triplet invariants and
play the primary role in DM. Finally, normalized structure factors, E(~g), are introduced to have
amplitudes that do not decrease with sin(θ)/λ and, in this way, the triplet relations do not depend
on the scattering angle.

|E(~g)| = |F (~g)|√
〈|F (~g)|2〉

~g

The probability formula for triplet invariants with a distribution associated to equation 4.1.2 was
derived by William Cochran [233] as

P (Φgk) = (1/L) exp(Ggk cos Φgk) (4.1.3)

where Ggk = (2/
√
N)|E~gE~kE~g−~k| for materials with only one element inside the unit cell and

Ggk = 2(σ3/σ
1.5
2 )|E~gE~gE~g−~k| with σn = ∑N

j=1 Z
n
j , being Zj the atomic number for the j-th atom,

for different elements inside the unit cell. L is a normalization term. P (Φgk) is a so-called von Mises
distribution [234] with a maximum at Φgk = 0 and it has a trend similar to a Gaussian function.

If there are r pairs (ϕ~k,ϕ~g−~k) that define the same ϕ~g by equation 4.1.2, the probability distribution
of ϕ~g becomes the product of distributions following equation 4.1.3

P (ϕ~g) =
r∏
j=1

Pj(ϕ~g) = L′ exp
 r∑
j=1

Ggkj
cos(ϕ~g − ϕ~kj

− ϕ~g−~kj
)
 (4.1.4)

where L′ is another normalization factor. The exponent can be developed in such a way that equation
4.1.4 becomes

P (ϕ~g) = L′ exp [α~g cos(ϕ~g − β~g)]

where

α~g =


 r∑
j=1

Gj cos(wj)
2

+
 r∑
j=1

Gj sin(wj)
2


1/2

tan β~g =
∑r
j=1 Gj sinwj∑r
j=1 Gj coswj

(4.1.5)

with Gj ≡ Ggkj
and wj ≡ ϕ~g−~kj

. Equation 4.1.5 is known as the tangent formula and it gives the
most probable value for ϕ~g.

Other relations have been derived for reliable estimation of phases, which are all based on the selec-
tion of “appropriate” sets of normalized structure factors moduli, the so-called phase magnitudes.
All these relations are focused on identifying them, ranking them according to their effectiveness in
estimating structure invariants or semi-invariants and deriving their related probability distributions.
Semi-invariants are single phases or linear combinations of phases that do not change with an origin
shift but are restricted to the positions of the unit cell with the same point symmetry.

The representation theory given by Carmelo Giacovazzo [235, 236] gives precise rules for the iden-
tification of the phase magnitudes by means of a general use of the space-group symmetry. The
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program Sir2014 used in this work is based on this theory [237]. Initially, triplet invariants are
evaluated by means of the P10 formula defined by C. Giacovazzo [238] and an early figure of merit
is used as an indicator for the more promising crystal phases [239]. The number of initial trials
generated by the tangent formula depends on the size of the structure given by the user. Then, these
candidate phases are refined via a direct-space procedure based on the iterative modification of the
electron density distribution obtained from the initial phases in the diffraction space, and diagonal
least-squares refinements [239]. A final figure of merit and a residual value are used to evaluate the
found structure model with respect to the acquired reflection intensities. The bigger and the smaller
these values are, respectively, the better the match between the model and the experimental data.
The residual R is defined in Sir2014 as

R =
∑
~g∈M ||Fobs(~g)| −K ′|Fcalc(~g)||∑

~g∈M |Fobs(~g)| (4.1.6)

where M is the set of reciprocal vectors available by the experimental data and K ′ is a factor
that brings the calculated structure factor moduli to the same scale as the observed ones. Another
evaluator factor is given, called internal residual Rint, that shows how good the observed reflections
are with respect to the symmetries from the space group introduced as an input.

Rint =
∑
~g∈M |Fobs(~g)− 〈Fobs(~g)〉 |∑

~g∈M |Fobs(~g)| ; 〈Fobs(~g)〉 =
∑
~h∈Meq(~g)(1/σ(~h)2)|Fobs(~h)|∑

~h∈Meq(~g)(1/σ(~h)2)

where the sums of 〈Fobs(~g)〉 run over the set of symmetry equivalent reflections Meq(~g) related to ~g
and σ(~g) is the standard deviation for the given reflection intensity.

Electron diffraction data are affected by dynamical intensity distribution and symmetry equivalent
reflections may have different intensities. As a consequence, the question regarding which intensity
reflection should be used as the equivalent one arises. In Sir2014, an algorithm called “best equivalent
amplitude” (BEA) is used to improve the given structure solutions [240]. After an initial structure
model is retrieved using the averaged amplitude of the equivalent symmetry reflections, only the
equivalent amplitude that agrees best with the current structure model is selected to iteratively run
the modifications of the electron density distribution and diagonal least-squares refinements.

4.1.3.2 Charge-Flipping Algorithm

The charge-flipping algorithm (CFA) belongs to a group of methods classified as heuristic dual-
space iterative algorithms that try to find the atomic positions in the crystal structure through
alternating modifications both in direct and reciprocal space [241, 242]. In contrast with DM, the
applied modifications in both spaces are equally important to reach the algorithm convergence.
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The CFA includes the following steps schematically displayed in Figure 4.1.6:

Convergence Detected or 
Max. # of Iter. Reached?

given as the Solution

Figure 4.1.6: Workflow of the charge-flipping algorithm. ϕrand are the initial random phases that satisfy
Friedel’s law and δ is the flipping parameter.

1. An initial structure factor F (~g) is built by using the amplitudes from the experimental data
|Fobs(~g)| and a set of random phases ϕrand that fulfil Friedel’s law ϕ(−~g) = −ϕ(~g).

2. An inverse Fourier transform is applied to F (~g) to retrieve the electron density ρ(~r).

3. The flipping operation is applied, which consists on multiplying by -1 the values of ρ(~r) that
are below a non-zero positive threshold parameter, δ. This can be thought of as an inversion
of charge, hence the name “charge-flipping”. Mathematically, h(~r) is obtained by

h(~r) =

ρ(~ri) if ρ(~ri) ≥ δ

−ρ(~ri) if ρ(~ri) < δ

4. A Fourier transform is applied to h(~r) to obtain the distribution in the reciprocal space H(~g).
This distribution is constrained to the positions ~g that are available from the experiment (a set
M) and the rest are set to 0.
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5. A new structure factor F (~g) is created by replacing the amplitudes of H(~g) with the observed
amplitudes |Fobs(~g)|. At this point, the algorithm convergence is evaluated by means of the
residual value Rcf defined as

Rcf =
∑
g∈M ||H(~g)| − |Fobs(~g)||∑

g∈M |Fobs(~g)| (4.1.7)

It is worth to note that Rcf is not used as a measure of the quality of the crystallographic
solution but as an indicator of convergence.

6. Steps 2 to 5 are repeated until the algorithm convergence or the maximum number of iterations
is reached.

The flipping parameter δ depends in a complicated way on the diffraction data resolution, the DPs
and the elements present in the unit cell. However, it has been observed that a proper δ value is set
in such a way that the ratio between the flipped and total density tends to 0.9 [243].

In comparison with DM, CFA is an interesting method because it does not need symmetry infor-
mation about the dataset and it can be approximately evaluated directly from the electron density.
Furthermore, the algorithm can be expanded to a n-dimensional space by describing the electron
density on a n-dimensional discrete grid, which implies that structure solutions can be directly ob-
tained from modulated structures or quasicrystals [244, 245]. In this work, the CFA implemented in
the program SUPERFLIP [243] and integrated in Jana2006 [246] was used.

4.1.3.3 Simulated Annealing

When a crystal structure has a large number of atomic positions in the asymmetric unit, light el-
ements are present, difference between reflection intensities is not so strong, the diffraction data
resolution is not high and/or completeness is low, successful structure solution from the previous
methods may fail. In these cases, algorithms were developed in order to find a possible crystal struc-
ture based on a priori suspected structural information. For instance, organic crystals are usually
synthesized and grown from molecular knowledge. The volume for a single molecule can be approxi-
mated via the Hofmann tables [228] and the number of molecules in the unit cell can be derived from
the determined unit cell volume. In this way, the molecular structure and the number of molecules in
the asymmetric unit can be used as a starting model. When inorganic crystals are investigated, the
coordination number of certain elements can be suggested, and tetrahedrons, octahedrons or square
planes can be used as starting structural inputs.

Simulated annealing (SA) is a global optimization algorithm based on an iterative improvement
scheme that looks for the minimization of a cost function [247, 248]. In crystallography problems,
this function is the R value. The term “simulated annealing” comes from the progressive slow down
of cooling rate applied on a melt material in order to obtain a perfect crystalline solid. When applied
to a structure solution problem, the SA works as follows:

1. The structural information that comprises the sub-structural units and the space group is given
as an input and the variables to change, or degrees of freedom, are identified according to the
symmetry of the space group.
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2. A starting change of the variables ∆xi is applied. Each individual change is evaluated with
respect to the R value. If the R value is decreased, the change is retained. If the R value
is increased, a probability procedure is followed. In this case, the probability associated to
∆xi is given as a Boltzmann distribution, P (∆R) = exp(∆R/Teff ), where Teff is an effective
temperature without units. Then, a random number is generated from 0 to 1 and compared
to P (∆R). If P (∆R) is higher than the random number, the change is kept, otherwise it is
dismissed and a new modification to the variable is applied. This procedure is running long
enough in order to reach a steady state.

3. Teff is decreased in slow stages and point 2 is followed once again for each different effective
temperature. This process runs as long as needed until no further changes occur.

Since the iterative scheme of SA may stagnate in local minima, several trials have to be carried out
with different starting arrangements of the sub-structural units to ensure that the final structure
solution corresponds to a global minimum of the R value.

The SA included in Sir2014 was used in this work [237]. It provides an easy and friendly graphical
user interface to enable the change of the different structural parameters and apply restraints to the
inter-atomic distances and angles. It also checks that the crystallographic solution does not have
overlapping atoms [249]. The R value used as cost function in Sir2014 is given by

RSA =
[∑

~g∈M(|Fobs(~g)| − |Fcalc(~g)|)2∑
~g∈M |Fcalc(~g)2|

]1/2

(4.1.8)

4.1.4 Kinematical Refinement
After an electron density or electrostatic potential is retrieved from structure solution algorithms,
the following meaningful step is to refine it. Kinematical refinements are referred to methods
developed to complete or finely adjust the structure model based on the calculation of structure
factors following the kinematical theory of diffraction.

When a crystal structure contains light and heavy atoms, an approach called Fourier synthesis
recycling is quite useful. Here it is supposed that an initial model in which the heavy atoms are
located by DM or CFA can be used in order to identify the light ones. In this way, structure factors
F (~g) are built from the observed amplitudes and the corresponding calculated phases ϕc(~g) from the
initial model. The resulting electron density will show the heavy atom positions but it will most
likely reveal weak scattering parts of the structure. In general, this process has to be carried out
more than one time until the structure is completed. Each cycle has to run with the calculated ϕc(~g)
of the last obtained model. It is worth to point out that these Fourier cycles do not only allow to
locate undiscovered atomic positions but also improves the positioning of the already found ones.
In organic crystals, it can be used to look for molecular fragments in which all their elements have
similar atomic number.
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Another quite frequently used method to check and/or refine the structure is the difference Fourier
synthesis. In this case, two different Fourier series are defined:

ρcalc(~r) = 1
Ω
∑
~g∈M

Fcalc(~g) exp(−2πi~g · ~r)

ρobs(~r) = 1
Ω
∑
~g∈M

Fobs(~g) exp(−2πi~g · ~r)

where

Fcalc(~g) =
N∑
j=1

fj exp(2πi~g · ~rj)

Fobs(~g) = |Fobs(~g)| exp(2πiϕc(~g))

in which the sum of Fcalc(~g) runs over the atomic positions rj of the structure model and ϕc(~g) is
the phase related to ~g and given by Fcalc(~g). Then, the difference Fourier map ∆ρ is obtained

∆ρ(~r) = ρobs(~r)− ρcalc(~r) = 1
Ω
∑
~g∈M

(|Fobs(~g)| − |Fcalc(~g)|) exp[i(ϕc(~g)− 2π~g · ~r)]

Since there is a limitation on the available observed data, the Fourier series show some ripples around
peaks that are proportional to the peak height. However, the difference series will cancel out this
mathematical artefact because both have the same number of terms and the truncation errors will
be similar.

The inspection of the ∆ρ map allows the structure refinement. Positive peaks will appear isolated
when atoms are missed because ρobs(~r) will theoretically give an electron density at these positions
that ρcalc(~r) is not considering. In the case of already found atomic positions, ∆ρ may show a nega-
tive minimum at these positions close to a positive peak, which indicates that the atom location has
to be shifted in order to fit better the calculated density. A similar data evaluation can be carried
out to isotropically or anisotropically refine the DPs for each individual atom.

Apart from these two procedures, the most used technique to make a structural refinement is based
on a non-linear least-squares method, which uses a cost function CF in order to estimate the
best refined parameters. In a crystallographic refinement, the following CF has to be minimized:

CF =
∑
g∈M

w(~g)(|Fobs(~g)| − |Fcalc(~g)|)2

where w(~g) is a weighting function dependent on the reflection. Different weighting schemes are
available that depend on how the reflection intensities are detected as well as the geometry of the
acquisition. Most programs allow to change these schemes , for instance, Sir2014 includes 18 different
w(~g) [237]. Another standard program, SHELX [250], applies by default

w(~g) = 1
σ(~g)2 + q|Fobs(~g)|2
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where q is adjusted in such a way that 〈w∆F 2〉 values remain constant when reflections are grouped
in different manners [251]. Jana2006 applies similar default weights.

Since an initial structure model is available, |Fcalc(~g)| can be expanded in a Taylor series and CF
becomes

CF =
∑
~g∈M

w(~g)
(

∆F (~g)−
m∑
k

∂|Fcalc(~g)|
∂xk

∆xk
)2

where ∆F (~g) = |Fobs(~g)|− |Fcalc(~g)|, ∆xk is the variation applied to the k parameter of the structure
model and m is the total number of parameters to be refined. The derivatives of Fcalc(~g) with re-
spect to the structural parameters are usually calculated by finite-differences methods [252]. xj are
constrained according to the symmetry in order to enhance the efficiency of the method and apply
structurally meaningful modifications.

Then, the so-called normal equations are obtained by using different relations related to the variance-
covariance matrix from the observed reflections [250],

B ·∆X̂ = D

where ∆X̂ is the vector with the estimated changes to be applied on the refining parameters that
minimize CF . The elements in the matrices B and D are, respectively,

bjk =
∑
~g∈M

w(~g)
(
∂|Fcalc(~g)|

∂xj

∂Fcalc(~g)|
∂xk

)
(4.1.9)

dj =
∑
~g∈M

w(~g)∆F (~g)∂|Fcalc(~g)
∂xj

| (4.1.10)

Sometimes, the off-diagonal elements of B are set to 0 in order to perform a rough refinement on the
structure, called diagonal least-squares approximation (like in the DM procedure of Sir2014 ). Such
approximation is strictly wrong because the refining parameters are not statistically independent
from each other, but it provides a quick way to coarsely adjust the structure model.

The process of getting ∆X̂ can be repeated several times until the convergence is detected accord-
ing to a residual value as in equation 4.1.6. The residual value can also be used to detect wrong
modifications of the structure and subsequently apply less severe changes on the parameters. In this
context, a weighted residual Rw can also be defined as

Rw =

√√√√∑~g∈M w(~g)(|Fobs(~g)| − |Fcalc(~g)|)2∑
~g∈M w(~g)Fobs(~g)2 (4.1.11)

Another evaluation parameter called goodness-of-fit (GoF ) is given, defined as

GoF =
√∑

~g∈M w(~g)(Fobs(~g)2 − Fcalc(~g)2)2

n−m
(4.1.12)

where n is the number of observed reflections and m the number of refined parameters. If the weights
for the observed data have been correctly assessed and the number of observed reflections used for
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the refinement is significantly bigger than the number of refining parameters, the GoF should be
close to unity.

It is worth to point out here that the observed data used for the refinement is not restricted to
single-crystal patterns. Poly-crystalline diffraction data can be used as well given that its profile is
of good quality, i.e. non-overlapped and sharp reflections, and good signal-to-noise ratio up to high
diffraction data resolution. In this case, the most known and used refining approach is the Rietveld
method for XRPD data, which calculates the entire X-ray diffraction profile and compares it with the
discrete observed profile, point by point, to adjust the structure parameters [253]. This procedure is
frequently referred as Rietveld refinement.

4.1.5 Dynamical Refinement
This refinement is a fine adjustment of the structure model according to its calculated electrostatic
potential as well, yet it is based on the calculation of reflection intensities following the dynamical
theory of diffraction. This has been usually referred to as dynamical refinement. The probability
of multiple scattering events for X-rays and neutrons is not as high as for electrons, and that is the
reason why it makes sense to apply such refinement only when dealing with electron diffraction data.

A structure refinement based on the dynamical theory is not a new topic. Some programs were
developed to refine structures via calculated dynamical intensities back in 1993 [254, 255], but lack of
computer power and “too” dynamical reflection intensities hindered the general use of the approach.
It was not until PED and the 3D ED concept started to become generally used in the electron
crystallography community that the interest in a dynamical refinement appeared again [256, 257].
During these last years, a module called dyngo was developed and implemented by Dr. rer. nat.
Lukáš Palatinus in the program Jana2006 that has brought the dynamical refinement of precession-
assisted diffraction data to a more systematic use [115, 116]. In this context, the dynamical theory
of diffraction and the algorithm of dyngo in Jana2006 are briefly revisited hereunder.

4.1.5.1 The Dynamical Theory of Diffraction

The relativistically corrected and time independent Schrödinger equation describing high energy
electron diffraction is:

1
4π2∇

2Ψ(r) +
(
k2

0 + 2m|e|
h2 V (r)

)
Ψ(r) = 0 (4.1.13)

where ~k0 is the incident wavevector in free space defined as |k0| = (2m|e|E)/h, and V (r) is the
electrostatic potential of the crystal. V (r) is periodic per definition, thus it can be expanded as a
Fourier series

V (r) =
∑
~g

V~g exp(−2πi~g · ~r) (4.1.14)

where V~g is the Fourier coefficient of the total crystal potential V (r) and it fulfils V~g = V ∗−~g to be real
and without inelastic scattering events, i.e. absorption effects. V~g (in Volts, V) is described by the
structure factor of the material as

V~g = 1
Ω
∑
i

fe(s) exp(2πi~g · ~ri)
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where fe(s) are the atomic scattering factors for electrons in V·Å3 units that depend on s = sin(θb)/λ
[48]. A scaled electrostatic potential U(r) is defined with U~g = (2m|e|V~g)/h2 in m−2 units to avoid
to carry out the constants during the development of the Schrödinger equation solution.

According to the Bloch’s theorem [258], the wave field Ψ(r) must have the periodicity of the crystal
lattice, thus it can be written as a sum of plane waves

Ψ(r) = exp(−2πi~k · ~r)
∑
~g

C~g exp(−2πi~g · ~r)

Since there is no limitation to the number of reciprocal lattice points, there will be, in principle, an
infinite number of solutions or Bloch waves. Therefore, the general wave field that is a solution of
the Schrödinger equation is

Ψgeneral(r) =
∑
j

Ψj(r) =
∑
j

ci exp(−2πi~kj · ~r)
∑
~g

C
(j)
~g exp(−2πi~g · ~r) (4.1.15)

where ~kj is the wavevector j of the Bloch wave j inside the crystal and cj is its coefficient to take
into account the contribution of each Bloch wave to the total wave field. Now, if equations 4.1.14
and 4.1.15 are introduced in the Schrödinger equation, the so-called dispersion equations for each
reciprocal vector ~g are obtained[

~K − (~kg + ~g)2
]
C

(j)
~g +

∑
~h6=~g

U~g−~hC
(j)
~h

= 0

where ~K = ~k0 +U0, which can be interpreted as an incident wavevector corrected by the mean inner
scaled potential. The general approach to solve this equation is to force it into an eigenvalue equation
and find the eigenvalues and eigenvectors.

Let ~kj be defined as ~kj = ~K + γ(j) · n̂, where n̂ is a normal vector to the crystal surface. Distances
γ(j) can be geometrically interpreted as a displacement of the true dynamical dispersion surface from
spheres drawn around every lattice point with radiiK. If the back-scattered beams (γ << Kn = ~K·n̂)
are neglected and the previous relationship is used, the dispersion equations become

2KS~g
1 + (gn/Kn)C

(j)
~g +

∑
~h6=~g

U~g−~h√
1 + (gn/Kn)

√
1 + (hn/Kn)

C
(j)
~h

= 2Knγ
(j)C

(j)
~g

where S~g is the excitation error that follows the approximated relationship 2KS~g ≈ K2 − ( ~K + ~g)2,
and the subscript n denotes the component of the vector projected along the unit vector n̂. The
result is the fundamental eigenvalue equation to be solved,

A · C(j) = 2Knγ
(j)C(j) (4.1.16)

where A is called the structure matrix whose components are

aii = 2KS~g
1 + (gn/Kn) ; aij =

U~g−~h√
1 + (gn/Kn)

√
1 + (hn/Kn)
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In this way, if n-beams are included in the calculation, the structure matrix becomes a n×n matrix.
Alternatively to the proposed solution of equation 4.1.15, the “Darwin representation” can be used
instead [259, 260, 261]. In this view, n plane waves are propagated inside the crystal along the ~K+~g
direction and the wave field is defined as

Ψ(~r) =
∑
~g

φ~g exp[−2πi( ~K + ~g) · ~r]

in which the amplitude φg at a thickness t is

φ~g(t) =
n∑
i

ciC
(i)
~g exp(2πiγ(i)t) (4.1.17)

In order to have a continuous wave field, the incident waves and the ones present inside the crystal
have to match at the entrance surface (t = 0). By using this contour condition, equation 4.1.17
becomes in the matrix formφ0(t)

φ~g(t)
...

 = C

exp(2πiγ(i)t) ... 0
... ... ...
0 ... exp(2πiγ(n)t)

C−1

φ0(0)
φ~g(0)
...


where matrix C corresponds to a n×n matrix of coefficients C(i)

~g and matrix S = C{exp(2πiγt)}C−1

is the so-called scattering matrix, which can be interpreted as an operator defined by a periodic
object of thickness t applied to a set of incident electron waves. Interestingly, the scattering matrix
is related to the structure matrix as

S = exp
[
πit

Kn

A
]

(4.1.18)

therefore, the scattering operator can be described directly from the Fourier coefficients of the elec-
trostatic potential, the thickness of the crystal and its orientation with respect to the incident beam
[46]. For the general case in transmission electron diffraction, there is only one incident electron
wave, hereby φ0(0) = 1 and the rest of φ ~G(0) are zero, and, consequently, the intensity for a given
reflection ~g is determined by the first column of the scattering matrix

I~g = |s~g1|2

One of the interesting consequences of this development is that the Friedel law is not fulfilled any-
more and the determination of the correct configuration for non-centrosymmetric structures is pos-
sible [262, 263]. In X-ray diffraction, the anomalous scattering, which is a physical process linked to
the absorption effect of X-rays with elements inside the crystal, allows in some cases to distinguish
chirality [264]. In the case of electron diffraction, the difference in Friedel’s pairs is the result of a
pure elastic scattering event. Mathematically, the exponential of a matrix is expX = ∑∞

k=0(1/k!)Xk,
therefore each component s~g1 will be composed of several Fourier coefficients. Physically, each re-
flection of a diffraction pattern depends on the structure factors of all simultaneously excited ones.
Thereby, electron diffraction is presented as an alternative method to determine absolute structures
by means of the calculation of reflection intensities based on the dynamical theory of diffraction [168].
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4.1.5.2 The Two-beam Approximation

The two-beam condition is achieved when the crystal is tilted in such a way that only two beams are
simultaneously excited. This is strictly not possible because other nodes of the diffraction space will
be always excited in electron diffraction, yet it is assumed to be in this condition when the primary
and a diffracted one have most of the intensity of the pattern. Moreover, this approximation is the
only case in the theory of dynamical scattering from which an analytical solution can be directly
obtained.

If only the excitation of the primary wave and a diffracted wave ~g is considered, the dispersion
equations become [

−2Knγ U−~g
U~g 2KS~g − 2Knγ

] [
C0
C~g

]
=
[
0
0

]

where it has been taken into account that the surface normal is approximately perpendicular to the
beam (Kn >> gn). By setting the 2× 2 matrix determinant to 0, the solutions for γ are obtained

(2Knγ)2 − 2KS~g(2Knγ)− |U~g|2 = 0

γ = ±KS~g2Kn

√
(KS~g) + |U~g|2

When these two solutions are used in the dispersion equations, the coefficients C0 and C~g are retrieved

C
(1)
0 = cos(β/2) exp(−iϕ~g) C

(1)
~g = sin(β/2))

C
(2)
0 = − sin(β/2) C

(2)
~g = cos(β/2) exp(iϕ~g)

where cot(β/2) = KS~g/|U~g| and ϕ~g is a general phase. Finally, these coefficients are used to construct
the scattering matrix and the intensities for both beams are retrieved

I~g =
|U~g|2 sin2

(
πt
Kn

√
K2S2

~g + |U~g|2
)

K2S2
~g + |U~g|2

I0 = 1− I~g
therefore, the intensity distribution for both beams is complementary and modulated by a sinc
function that depends on the thickness of the crystal, the excitation error and the structure factor
related to ~g. Figure 4.1.5 in section 1.1.3 showed an example of such intensity modulation from a
silicon (004) reflection. One way to introduce the effect of weak beams on I~g is via the use of the
perturbation method of Bethe in which an effective U~g is defined, known as Bethe potential [265].

4.1.5.3 The Refining Algorithm

The key for the successful refinement on a general basis is the use of PED. Crystalline domains are
never ideal, hence thickness variations, bending and differences in the beam position on the crystalline
area for subsequent diffraction pattern acquisitions make the determination of the exact orientation
of the crystal with respect to the beam difficult. The advantage of a precessing beam is that these
effects are averaged and the refinement of the crystal orientation for each diffraction pattern becomes
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much easier, thus getting a better approximation of the calculated intensities with the experimental
ones [257]. Recently, the fitting of the rocking curves by means of different functions in non-precessed
data has become available for successful structure dynamical refinements [13]. However, the further
testing and implementation of such approach is under development and its description has been left
apart since most of the electron crystallography analyses of this work were carried out with beam
precession.

The reflection intensity calculation in the dynamical theory of diffraction takes into account the
excitation error. This means that different intensities for a given reflection will be obtained when
the orientation of the crystal with respect to the incident electron beam is slightly changed. For this
reason, the hkl input file for a dynamical refinement is different from the one based on a kinematical
refinement. It contains the orientation matrix, the geometric position of the patterns, the preces-
sion angle and the reflection intensities for each frame. Such information is used by the program to
calculate the intensities of the reflections according to the unit cell orientation of each pattern, and
the refinement can run over the selected intensities of the experimental data that may contain more
than one intensity related to a given reflection.

When dealing with a dynamical refinement, five parameters have to be considered in order to deter-
mine the diffracted waves that are included in the scattering matrices and the reflection intensities
that are going to be used for the refinement.

1. Number of integration steps; Nor. The number of steps in which a precession cycle is
divided in order to calculate the scattering matrix for each of the beam tilts with respect to
the orientation of the crystal. The intensities obtained from the scattering matrices for a given
reflection of a diffraction pattern are then integrated to obtain the corresponding precessed
reflection intensity for that pattern.

2. Maximum diffracted wave; gmax. It is the diffraction data resolution in Å−1 used for the
calculation of the scattering matrices. It is usually set to 0.2 Å−1 higher than the selected
diffraction data resolution for the experimental data to run the refinement. This is done to
take into account the contribution of higher angle diffracted waves on the intensity of the
reflections considered for the refinement.

3. Maximum excitation error (matrix); Smaxg (matrix). This is the maximum value of the ex-
citation error for the reflections that are considered in the calculation of the structure matrices.
It is usually set to 0.01 Å−1.

4. Maximum excitation error (refine); Smaxg (refine). It is the maximum value of the excitation
error for the reflections in the experimental data to be considered in the refinement. It is usually
set to 0.1 Å−1.

5. Pseudo-spike length; RSg. This parameter is defined as RSg = |Sg|/|g|αPED, where the
relationship 2KS~g ≈ K2− ( ~K+~g)2 can be used to calculate Sg for each reflection. It is usually
set below 1 and it is used to filter out reflections from the experimental data that are going
to be used in the refinement. The higher it is, the more reflections will be taken into account.
Its exact value is generally set in an empirical way since it depends on several factors, such as
material crystallinity, charge density, precession angle and/or tilt step between patterns. For a
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fixed tilt step of 1◦ and αPED of 1◦, it has been observed that, in general, a RSg of 0.7 is good
for high crystalline materials, like alloys, while it can be decreased to 0.3 for low crystalline
materials like organics.

Figure 4.1.7 shows the algorithm used by the refinement program that takes into account the above
parameters. As a first step, reflection intensities are calculated by using the input structure model,
and initial R values are obtained. Then, the cost function defined from the obtained and calculated
intensities in the non-linear least-squares procedure is used to estimate the change on the structural
parameters. The new reflection intensities are calculated with the modified structure model and the
refinement is evaluated by the resulting R values and maximum applied changes. If no significant
change is obtained in terms of maximum change over standard uncertainty, or the maximum number
of refinement cycles has been reached, the refining procedure is finalized and the modified structure
model is retrieved. Otherwise, the cost function is built, the new estimated structural changes are
applied and the R values are re-calculated until the finalization condition is met.
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Figure 4.1.7: Workflow of the least-squares refinement following the dynamical theory of diffraction and
the precession geometry. S is the scattering matrix defined by the structure matrix (equation 4.1.18) and
B and D are the matrices from the normal equations of the non-linear least-squares procedure (equations
4.1.9 and 4.1.10). The sums inside the R values run over all observed reflection intensities considered for
the refinement.
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4.2 3D ED Acquisition Methods
Several acquisition methods to obtain 3D reconstructions of the ODS in a TEM have been developed
since the invention of the technique about one decade ago [3, 4]. The initial reported technique was
called automated diffraction tomography (ADT) and Figure 4.2.1 summarizes the steps followed
by this routine.

Position the Beam at the ROI & Acquire 
Diffraction Pattern (Defocused	Beam)

Tilt Stage to the Initial Angle

Increase Tilt Angle by a Tilt Step

Acquire STEM Image (Focused	Beam) 

Calculate Cross-Correlation & Adjust Beam Shift

Acquire Diffraction Pattern (Defocused	Beam)

Tilt Angle == Final Angle?

Finish Acquisition & Save Dataset

Acquire STEM Image (Focused	Beam) 

Figure 4.2.1: Steps followed by the ADT technique. Focused beam refers to the smallest probe size in
order to acquire a focused STEM image. Defocused beam refers to an electron probe with the size previously
set for the diffraction pattern acquisition.

ADT starts by tilting the stage to the initial angle and acquiring a first reference STEM image
with a focused electron beam for high spatial resolution. Subsequently, the beam is placed at the
ROI and the first diffraction pattern is acquired with a beam size previously selected. Then, the
iterative and automated procedure follows; automatic tilt of the stage by an increment defined as
the tilt step, generation of a reference STEM image, cross-correlation with the initially determined
reference, adjustment of the beam shift according to the ROI displacement, which can be performed
in a manual or automatic way, and acquisition of the diffraction pattern. This iterative scheme is
repeated until the tilt angle reaches the selected final angle, when the whole diffraction dataset is
stored. The usual tilt step using this methodology is 0.5◦ or 1◦.
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A) Initial	ADT B) ADT/PED	-	PEDT

C) D)RED IEDT

Figure 4.2.2: The sampling of the diffraction space according to the different acquisition methods. A)
corresponds to the initial approach suggested by Kolb et al. [3], B) is related to the addition of precession
(blue) to the initial ADT routine, called ADT/PED or PEDT [117], C) shows the technique that combines
stage tilt (red) and beam tilt (green) for fine slicing, called RED [5], and D) corresponds to the method
with continuous tilt of the stage that integrates the reflections through the tilting direction (yellow), called
IEDT [8].

Although this technique proved to be superior in comparison to the acquisition of several zone-axis
patterns [4], the missing wedge between frames induces to lose the related crystallographic infor-
mation, the so-called missing step wedges. In addition, the dynamical effects are minimized with
respect to zone-axis data; yet, they are still present, which makes the handling of reflection intensi-
ties by the kinematical theory difficult. For these reasons, other acquisition methods were developed
to sample more from the diffraction space and retrieve better structure solutions and refinements.
Some of these acquisition methods are: precession electron diffraction tomography (ADT/PED -
PEDT) [117], rotation electron diffraction (RED) tomography [5] and integrated electron diffraction
tomography (IEDT) [8], which in some other works is called MicroED [7] or continuous rotation
electron diffraction [6, 9]. Figure 4.2.2 shows the difference in the sampling of the diffraction space
according to the different techniques. Here is noted that the use of the word “rotation” for “tilt”
of the goniometric stage may be misleading as rotation in a TEM is traditionally referred to the
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azimuthal angle instead of the polar angle [76]. The conventional notation is the one used in this
work.

PEDT couples the electron beam precession with the initial ADT technique (Figure 4.2.2B). The
precession of the beam (αPED usually set between 0.5◦ and 1.5◦) induces the Ewald sphere to sweep
the missing step wedge and integrate the reflection intensities on the detector, ∆αPED, to increase
the probability to measure them at their maxima and minimize the dynamical effects. In this way,
averaged information of the missing step wedge is retrieved and successful structure solutions are
obtained by using the same number of tilt steps as the initial ADT [266]. Since the better perfor-
mance of precessed data was reported, the acronym ADT now refers to the automated acquisition of
3D ED data with precession in almost all cases. In other works, the PEDT acronym has been used
independently of the automated or manual acquisition of the dataset or the use of TEM or STEM
imaging to check the position of the crystal during a 3D ED data collection.

RED performs the crystal tilt in two steps; fine beam tilt steps of 0.01–0.20◦ combined with coarse
goniometer tilt steps of 2–4◦ (Figure 4.2.2C). The fine slicing of the diffraction space results in finer
rocking curves to determine the maximum intensity or integrate (software-wise) each reflection. Al-
though the approach becomes better for unit cell determination, dynamical artefacts such as Kikuchi
lines, double-diffraction or intensity redistributions cannot be minimized as in PEDT.

Finally, IEDT performs the acquisition while the sample is continuously tilted, resulting in a reduc-
tion of the sample beam exposure as well as an integration of the reflection intensities on the detector,
∆αIEDT , and fine slicing of the space (Figure 4.2.2D). This technique does not apply a beam shift
during the acquisition, thus relying on the crystal staying in the illuminated area. For this reason,
the stage stability is the most important condition, especially in higher angular ranges. PEDT and
IEDT techniques can be combined, the so-called PED-IEDT, in order to integrate reflections that are
not covered when the camera is in stand-by (the time when the electronics is reading the data from
the chip and saving it to the disk, i.e. the read-out time). If suitable stage velocity and precession
angle are properly set, the sampled diffraction space can be maximized [8].

Another important aspect to take into account for the acquisition of 3D ED data is the detector
used to collect the electron diffraction patterns. After the traditional photographic emulsions, the
post-column CCD cameras were and are the most common used devices to collect diffraction pat-
terns. The usual setup of a CCD camera consists of a scintillator, optical fibres and the CCD chip
itself. The scintillator transforms the incoming electrons into photons, which are then transmitted
by means of the optical fibres to the pixels of the CCD chip. These pixels are individual capacitors
electrically isolated from each other by potential wells and they can accumulate charge in proportion
to the incident radiation. In order to create the digital image, the charge in each pixel or cell is read
by a parallel register that transfer the charge serially along a line in the chip through the modification
of the applied potentials on the cells.

The higher dynamic range, linear response, uniform output, larger field of view and the direct avail-
ability of a digital frame prompted the CCD camera as the immediate preferential choice for recording
images in a TEM. The only disadvantage was that its detective quantum efficiency (DQE), defined
as the ratio between the square of the signal-to-noise output and input, is lower with respect to
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films, yet the outlined advantages counter-balance the only significant handicap. Although reflection
intensity quality is key for successful structure refinements based on dynamical intensities, the unit
cell determination as well as the initial structure solution do not need such number of intensity levels.
While the former needs the geometrical reflection positions, the latter was demonstrated to only need
a classification or ranking of the reflection intensities as “small”, “medium” and “strong” when they
can be treated as pseudo-kinematic data, which was the methodology first implemented in X-ray
techniques [267, 268, 269]. Therefore, in principle, any CCD camera could acquire 3D ED data for
successful crystal structure determination given that this ranking condition is fulfilled.

The disadvantages of CCD-based detectors when applied to capture diffraction data are that they
cannot work at high acquisition frame rates due to their high read-out time, and an overexposure
of the primary beam may damage the camera scintillator. Furthermore, higher exposure times are
needed for good signal-to-noise diffraction data, a main inconvenience for the investigation of beam
sensitive materials. For these reasons, new cameras with higher frame rate and sensitivity based on
the CMOS technology were launched in order to increase the number of patterns before these crystals
are fully degraded as well as to make 4D-STEM acquisitions feasible. 3D ED acquisitions on such
detectors through direct detection or intermediated by a scintillator and optical fibres have already
reported good results [185, 270, 271]. Nevertheless, diffraction data even from beam sensitive crystals
like organic compounds or metal-organic frameworks can be acquired with CCDs, and structure
solutions can be successfully obtained prior to a Rietveld refinement [272, 273, 274].
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4.3 Fast-ADT: The Acquisition Method

The recent IEDT acquisition methods coupled with CMOS-based cameras totally focus on operating
specific microscope setups in TEM mode, which leave behind the advantages of STEM mode already
demonstrated in chapter three, as well as the flexibility to implement the developed routines in other
microscopes. For these reasons, this work was aimed to design a methodology implemented in both
TEM and STEM microscope modes for an optimum, efficient and easy-accessible acquisition of 3D
ED data in JEOL and Thermo Fisher TEMs. In other words, an all-in-one platform for systematic
and routine acquisition of electron diffraction data, which has been called fast and automated
diffraction tomography (Fast-ADT). This new technique has been designed in such a way that
the initial ADT and IEDT idea for the diffraction space sampling can be selected, here called se-
quential and continuous approach, respectively. Furthermore, their operation does not depend on
the precession of the beam, hence precession can be added in both approaches whenever it is wanted
without changing any setting of Fast-ADT.

Another important point of a 3D ED acquisition is how the diffraction patterns are acquired. As
shown in the second chapter, there are two ways to collect patterns in a TEM: by SAED, which uses
an aperture positioned at the image plane of the OL to select the feature to be illuminated, and by
NBED, which uses a nanometre-sized beam that can be placed at the region of interest through the
deflector coils. The IEDT acquisition methods published up to now are based on SAED or NBED
with beam sizes similar to the illuminated region of a selected aperture [6, 9, 270, 275]. Although it
may be enough for microcrystals, the use of such beam settings is problematic when, for instance,
individual nanoparticles in agglomerated nanoparticles have to be measured [276], or single-crystal
tips of around 30 nm or less in diameter are only available for analyses [277]. Fast-ADT takes into
account these possibilities by using the NBED mode with beam sizes down to the diffraction limit,
which is achieved through the alignment of the TEM to produce a quasi-parallel beam following the
procedures explained in the third chapter. This enables the acquisition of single-crystal diffraction
data from nanometre-sized volume as well as microcrystals.

The routine followed by Fast-ADT is based on two complete stage tilts through the desired angular
range. The first tilt scan is used to check and save the crystal position with respect to the tilt
angle while the second one is the acquisition of the 3D ED data. Gemmi et al. first suggested this
idea, although it was not fully developed neither implemented [8]. The main steps of Fast-ADT
implemented in this work are summarized in Figure 4.3.1.

4.3.1 Parameters

Before starting a Fast-ADT acquisition, some parameters regarding the settings of the stage, the
detector and the beam need to be defined.

4.3.1.1 Stage

The stage parameters correspond to the settings given to the alpha tilt of the goniometric stage.
This includes the initial and final angles for the two complete stage tilts, the tilt step and the tilt
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velocity for the sequential and continuous approach, respectively, and the tilt step between reference
images for the generation of the crystal tracking file in the sequential approach.

Set Fast-ADT Parameters

Tilt Stage to Initial Angle

Approach?Sequential Continuous

Acquire (S)TEM Image

Tilt Angle == Final Angle ?

Calculate # of (S)TEM 
Images to Acquire

Acquire Images while
Continuous Stage Tilt

Calculate Cross-Correlations
& Generate Crystal Tracking File

Tilt Stage to Initial Angle

Data AcquistionSequential Continuous

Shift Beam & Acquire Pattern

Increase Tilt Angle by a Tilt Step Shift Beam & Acquire Patterns
while Continuous Stage Tilt

Tilt Angle == Final Angle ?

Save Acquired Diffraction Data

Increase Tilt Angle by Ref. Tilt Step 

Select Initial Beam Position
on Targeted Crystal

Figure 4.3.1: Steps followed by the Fast-ADT routine in TEM or STEM mode. The diffraction data
acquisition approach has to be the same as the one used for the crystal tracking file generation.
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4.3.1.2 Detector

The detector parameters refer to the settings of the camera for the acquisition of images and
diffraction patterns. This includes the exposure time, binning and available frame processings. In
imaging mode, the exposure can be decreased and binning increased because the acquired images
are only used to generate a crystal tracking file, i.e. detector conditions that enable the visualization
of the ROI are sufficient. When STEM mode is used, the exposure time of the image is changed to
the dwell or pixel time. The selection of the parameters for pattern acquisition needs to consider
the possible saturation and beam damage. Intensity saturation limit depends on the used detector
but also on the scattering power of the crystal under the illumination. However, there is no general
rule to avoid it because, intuitively, light-element crystals may give less intensity than heavy-element
crystals, yet the crystallinity of the material itself has to be taken into account as well. In this
situation, a testing period of time with different materials has to be spent to check which are the
parameter regimes that allow good signal-to-noise reflection intensities without saturation. If the
crystal is beam stable, several diffraction patterns at different orientations and camera parameters
can be previously acquired to check the best conditions. When dealing with beam sensitive materials,
the optimum parameters have to be available beforehand to minimize the electron dose on the sample.
The exposure time and the beam diameter determine the electron dose rate of the beam, hence they
have to be properly characterized as well when working with such materials.

4.3.1.3 Beam

Beam parameters refer to electron beam settings for the acquisition of reference images for crystal
tracking (imaging setting) or diffraction patterns (diffraction setting). When acquiring images
in STEM mode, the beam diameter is adjusted to have an electron probe with enough spatial res-
olution, minimized electron dose and sufficient intensity in the STEM detector. In TEM mode, the
beam is defocused to illuminate the whole desired area. In this context, defocus means that the
crossover of the electron probe is above the specimen plane to obtain a bigger illumination of the
sample, which is different from the image defocus where it is understood as the focus or clarity of
the image features. For diffraction pattern acquisitions, the beam diameter will be set in the same
way in both operation modes of the TEM.

Another beam parameter that must be adjusted when working in TEM mode is the calibration of
the beam shift. In STEM mode, the scanned image is used as reference to shift the beam at a desired
position. The scanning system has the voltage sent to the deflector coils that corresponds to each
pixel of the image available, thereby it can be applied directly. Yet in TEM this is not immediately
available, and a previous calibration is required.

The beam shift is needed to determine which amount of voltage has to be sent to the DCs in order to
produce a displacement of the beam selected from a reference TEM image, the so-called beam shift
calibration. This calibration is performed by the determination of the framework that corresponds
to the DCs with respect to the image framework. To do so, five images of a small beam are acquired of
a non-shifted, x-positive shifted, x-negative shifted, y-positive shifted and y-negative shifted beam,
all of these displacements from the DCs framework. Then, a cross-correlation of the non-shifted
beam image on the other four allows to determine the coordinates (x, y) with respect to the image
framework for each applied shift. The angle between the x-axis and y-axis of the DCs in image
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coordinates, and the evaluation of the positive direction and length of both axes, give the necessary
information to calculate the rotation angle θR between the displacement in the image (∆ximg and
∆yimg) and DCs voltages (∆xDC and ∆yDC), and the calibration V(a.u.)/nm along x and y (calx
and caly). [

∆xDC
∆yDC

]
=
[
calx · cos θR calx · sin θR
−caly · sin θR caly · cos θR

] [
∆ximg
−∆yimg

]
(4.3.1)

where ∆yimg is negative because the image framework considers the origin as the first pixel of the
image at the top left corner, which would result in an inverted reference with respect to the DCs if
not sign changed.

Generally, the setting of the beam parameters ends up here. However, there are some cases in which
a correction by the projector coils to keep the primary beam of the diffraction pattern in the detec-
tor centre during a Fast-ADT acquisition is needed. It is not mostly required because the common
observed pattern shift does not cut down significantly the diffraction data resolution. But it may
happen if the electron beam is not well aligned to shift without tilt for the desired value of DL
(diffraction pattern fine focus), thus the alignment should be followed once again to avoid it. In
some microscope setups, such alignment is restricted to manufacturer engineers and an alternative
method has to be implemented if the pattern shift is too large, called in this work as diffraction
shift calibration. It is worth to point out that this inconvenience could appear in both TEM and
STEM modes.

Initially, the pattern shift amount has to be identified for the deflector coils and projector coils, i.e.
calibrate them. The procedure is the same as for beam shift calibration but this time the cross-
correlation is done with the primary beam of the diffraction pattern for the two different coils. In
this way, the rotation operation for the deflector coils between the image and coils framework is[

∆xDC(a.u.)
∆yDC(a.u.)

]
=
[
calDCx · cos θDCR calDCx · sin θDCR
−calDCy · sin θDCR calDCy · cos θDCR

] [
∆ximg(nm−1)
−∆yimg(nm−1)

]

and, equivalently, the one for the projector coils is[
∆xPC(a.u.)
∆yPC(a.u.)

]
=
[
calPCx · cos θPCR calPCx · sin θPCR
−calPCy · sin θPCR calPCy · cos θPCR

] [
∆ximg(nm−1)
−∆yimg(nm−1)

]

Once these calibrations are done, θDCR , θPCR , calDCx , calDCy , calPCx and calPCy are obtained, and the
following expression can be used to determine the amount of voltage that needs to be sent to the
projector coils in order to compensate the shift of the deflector coils[

∆xPC(a.u.)
∆yPC(a.u.)

]
=
[
calPCx · cos θPCR calPCx · sin θPCR
−calPCy · sin θPCR calPCy · cos θPCR

]
×[

cos θDCR /calDCx − sin θDCR /calDCy
sin θDCR /calDCx cos θDCR /calDCy

]
×
[
∆xDC(a.u.)
∆yDC(a.u.)

]
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4.3.2 Acquisition Routine

Once the parameters are settled, a crystal has been targeted and its eucentricity has been found to
minimize the x and y displacement with respect to the tilt angle, the Fast-ADT acquisition routine
can start.

The stage is tilted to the selected initial angle and the acquisition of the crystal-tracking images
starts. Since there are two different acquisition approaches, two different ways are implemented.
The sequential approach acquires a (S)TEM image every reference tilt step, which is set to 5◦ by
default, until the final angle is reached. In the continuous approach, the initial and final angles are
used to calculate the number of frames to acquire according to a reference tilt velocity. Such velocity
is calculated with respect to the desired exposure or pixel time in order to acquire a (S)TEM image
every ∼ 5◦ while the stage is continuously tilting.

After the acquisition of the crystal-tracking images, a cross-correlation calculation is performed
using the middle of the angular range as reference. Instead of using the whole image for the cross-
correlation, which does not work properly due to the change of the crystal projection, a sub-image
selected by a ROI is used in order to have more accuracy on the part of the crystal that the beam
should follow. Sobel filter together with smooth filters are applied to the images to highlight the
crystal edges and get more precise crystal positions. Figure 4.3.2 shows the use of different methods
for the cross-correlation of a reference image at 0◦ with two other images at -40◦ and 40◦.

The cross-correlation of the whole reference image with the other images results in a misfit of the ROI
with respect to the targeted area (Figure 4.3.2 left row). The geometrical shrinking or enlargement
perpendicular to the tilt axis caused by the projection of the crystal at different tilt angles is more
evident for large features. Resizing of the targeted images provides a better positioning of the ROI
(Figure 4.3.2 middle row). Here the images are expanded along the tilt axis direction according to the
tilt angle in order to appear geometrically similar to the reference. After the cross-correlation, the
resulting shift coordinates are translated back to the original non-modified image. This is more accu-
rate and it definitely positions the ROI at the volume determined in the reference image. However,
in case that the ROI for measurement would be at the rim of the crystal, the amount of electrons
penetrating the crystal and thus the total intensity of the diffracted waves would be reduced. For
this reason, the use of a sub-image subtracted from the full image using the ROI to cross-correlate
with the other images provides a better solution (Figure 4.3.2 right row). It avoids the contribution
of background artefacts, when they are not big but high contrasted features, and it keeps similar
illuminated areas through the tilt scan granting a uniform total diffracted intensity. Nevertheless, the
position of the ROI in all the crystal-tracking images should be carefully checked and, if necessary,
modified after the automatic positioning of the cross-correlation. The use of the continuous approach
produces blurred reference images along the direction perpendicular to the tilt axis, which increases
the probability of a wrong cross-correlation positioning and makes subsequent position check almost
mandatory for a successful Fast-ADT dataset.

Once the crystal positions have been found at each reference tilt step or velocity, the crystal-tracking
file is generated. This file contains the beam shifts that need to be sent to the DCs in order to
follow the crystal for each tilt angle of the desired 3D ED acquisition. In TEM mode, the positions
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from the reference images are used to calculate the displacements in nm units, and equation 4.3.1
is used to transform these spatial displacements into electronic shifts of the DCs. In STEM mode,
the transformation is not needed and the displacement amount in nm related to the framework of
the scanned image is directly used. Since the tilt step or velocity is smaller than the one used for
the crystal-tracking images, the values in-between the reference ones are linearly interpolated. When
the diffraction shift is calibrated, the crystal-tracking file includes the compensation applied by the
projector coils to correct the shift of the diffraction pattern.
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Figure 4.3.2: TEM images of a MoO2 crystal at 0◦, -40◦ and 40◦ of α-tilt angle with ROIs marked by red
squares. A) is the reference image for the cross-correlation, B) and C) correspond to the resulting position
of the ROI using the cross-correlation with the whole reference image, D) and E) by taking into account the
shrinking effect of the projected crystal image, and F) and G) using the sub-image marked by the ROI on
the reference image. The tilt axis is approximately along the vertical line of the image.
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Then, the stage is tilted to the initial angle and a (S)TEM image is acquired that is used as a ref-
erence to select the desired starting position for the 3D ED acquisition. This position is stored and
the electron beam is brought there only when the diffraction pattern collection begins, ensuring that
the ROI is only illuminated when necessary to minimize the possibility of beam damage. Now, the
beam setting is changed from imaging to diffraction. In TEM mode, the current position of the beam
is obtained by a vertical and horizontal intensity integration of a TEM image with the diffraction
setting selected, and the search for the maximum in these two intensity vectors that correspond to
the x and y axes, respectively, gives the current beam position. In STEM mode, the position of the
beam is immediately available in the last acquired STEM image.

Finally, the 3D ED acquisition can start. In the discrete approach, the alpha tilt of the stage is
increased by the selected tilt step, the beam shift (and, if calibrated, the diffraction shift) is applied,
according to the crystal-tracking file, and the diffraction pattern is acquired. This iterative process is
performed until the tilt angle meets the selected final angle. When the continuous approach is used,
the continuous tilt of the stage triggers the first diffraction pattern acquisition and, subsequently,
electronic shifts of the beam according to the crystal-tracking file and the pattern acquisitions are
followed until the total number of patterns, determined by the angular range and tilt velocity, is
reached. It has to be noted that the approach used for the crystal-tracking file and the 3D ED
acquisition has to be the same, as the tracking file is created by the step or velocity tilt parameter,
and the stage does not produce the same x and y displacement when sequentially or continuously
tilted. Once all diffraction patterns are collected, the diffraction dataset is stored and ready for
processing.

4.3.3 Mechanical Limitations
The x and y movement of a feature of interest in a TEM grid with respect to the tilt angle is almost
linear or non-existent when small angular ranges such as 60◦ (± 30◦) or 80◦ (± 40◦) are considered,
but it becomes non-linear when angular ranges are as high as 120◦ (± 60◦) [278]. An important step
in the high angular regimes is to accurately find the eucentricity of the targeted crystal. This ensures
that the crystal is moving as little as possible while it is kept in focus, otherwise it might not be
possible to track it, even with the smallest magnification available in the SA optical regime of the
projector system. Needless to say that the stage should be optimized for tomography experiments
by the TEM manufacturer engineers. Furthermore, the crystal displacement depends on the position
of the particle on the grid as well, thus the eucentricity has to be checked for new targeted crystals
and a new set of crystal-tracking images has to be acquired for proper tracking.

Goniometric stages unfortunately have hysteresis behaviours produced by stage motors, holder design
and holder mechanical condition, e.g., bending of the tip or holder axis not optimized for eucentric
height at low values of z (middle of the pole piece gap). Therefore, the x and y movements of a
crystal during the crystal-tracking file generation and 3D ED acquisition are never the same. This is
the main limiting factor for the beam size because it determines when the beam will not illuminate
the targeted crystal. For this reason, tilt-scan reproducibility tests for a given stage and holder have
to be performed in order to assert the minimum beam size that ensures the acquisition of any pattern
from the targeted crystalline domain during the two subsequent tilt scans.



122 CHAPTER 4. FAST-ADT: THE TECHNIQUE

A tilt-scan reproducibility plot shows the difference of the x and y position of a crystal between two
consecutive tilt scans. Firstly, a reference feature is located on one of the tilt scan images and the
positions of this feature on all the images are saved; (x, y)1st T ilt Scan

i and (x, y)2nd T ilt Scan
i . Then

the x0 and y0 position of the feature at the initial angle is subtracted to all the positions (x, y)i to
obtain displacement values referred to the initial one (xsi = xi − x0, ysi = yi − y0). Finally these
displacements are compared between the two tilt scans (∆xi = x

(s: 2nd T ilt Scan)
i − x

(s: 1st T ilt Scan)
i ,

∆yi = y
(s: 2nd T ilt Scan)
i − y(s: 1st T ilt Scan)

i ) and the hysteresis shift is calculated (∆ri =
√

∆x2
i + ∆y2

i ).
In this context, the minimum beam size depends on the maximum hysteresis shift, ∆rmax, and the
size of the investigated crystal, σcrystal, defined as the distance between the selected position for
the actual measurement of the crystal and its end along the maximum shift direction. There are
two different situations to determine the minimum beam diameter, which are sketched in Figure 4.3.3.
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Figure 4.3.3: Schematics for the two possibilities A) and B) to determine the minimum beam size to
illuminate a crystal during the Fast-ADT routine. The red-crossed circle is the position selected on the first
tilt scan and the blue-crossed circle is the previously selected crystal position on the second tilt scan. Both
tilt scan displays correspond to the same tilt angle.

If a targeted crystal has a σcrystal higher than ∆rmax, the minimum beam size is the diffraction limit,
which corresponds to case A) in Figure 4.3.3. On the other hand, if σcrystal is smaller than ∆rmax,
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the minimum beam diameter is limited to the difference between ∆rmax and σcrystal, that is the case
B) in Figure 4.3.3. This can be mathematically summarized in the following conditions:

σcrystal ≤ ∆rmax → φbeam >

2(∆rmax − σcrystal) if (∆rmax − σcrystal) ≥
(
0.259λ

α

)
0.517λ

α
if (∆rmax − σcrystal) <

(
0.259λ

α

)
σcrystal > ∆rmax → φbeam ≥ 0.517λ

α

where φbeam is the beam diameter, λ is the electron wavelength and α is the convergence angle. 0.517
(λ/α) is the diffraction limit calculated as the FWHM of the Airy disk [107]. Figure 4.3.4 shows
tilt-scan reproducibility plots for four different holders in three different TEMs mechanically aligned
for tomography experiments.
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Figure 4.3.4: Tilt-scan reproducibility plots from A) a FEI tomography holder in a FEI Tecnai Spirit 120
kV, B) a Fischione tomography holder in a JEOL 2100F 200 kV, and a C) FEI single-tilt holder and D) a
Fischione tomography holder in a FEI Tecnai F30 300 kV. The first tilt scan was performed with 5◦ of tilt
step and the second one with 1◦ of tilt step. The same tilt angle positions were only selected for the plots.
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Figure 4.3.4A corresponds to the FEI tomography holder in a FEI Tecnai Spirit at 120 kV and
it has a ∆rmax of about 30 nm, which means, for instance, that a beam size bigger than 40 nm
will be needed for a successful Fast-ADT acquisition on a crystal of 10 nm in lateral size. Figure
4.3.4B shows the tilt reproducibility plot for a Fischione tomography holder in a JEOL 2100F at
200 kV, which results in a ∆rmax of around 20-25 nm. The FEI single-tilt holder in a FEI Tecnai
F30 at 300 kV shown in Figure 4.3.4C also has similar ∆rmax and, in these setups, the beam size
needs to be bigger than 20 nm following the previous crystal example. Figure 4.3.4D shows another
plot for the FEI Tecnai F30 but using an intensively used Fischione tomography holder. In this
case, ∆rmax is of 120 nm due to a non-reproducible jump of the stage along the perpendicular di-
rection of the tilt axis. Therefore, to analyse the same crystal size of 10 nm, the beam size needs
to be bigger than 220 nm. However, this beam size could be unsuitable for some challenging samples.

One way to overcome this size-limitation is to position the centre of the beam at the edge of the
crystal before starting the 3D ED acquisition, but the crystal-tracking file is created selecting the
desired position of the crystal. In this way, the minimum beam size would be 2× (∆rmax− 2σcrystal),
thus 200 nm for the tomography holder following the example above. In order to reduce this size
limitation even more, other solutions have to be applied. One possibility is to acquire more than
one pattern per tilt angle; the beam is shifted to pre-selected regions on the crystal-reference images,
restraining the minimum beam shift to the beam diameter in order to avoid the illumination of
already exposed areas. Furthermore, this idea allows the acquisition of diffraction datasets from
different crystals or different parts of a “big” crystal with only one tilt scan, given that they are
properly visible in all the crystal-tracking images. Another possibility is to use the ADT method,
which allows a precise positioning of the beam for each tilt angle. The main disadvantage for both
possibilities is the acquisition time, which is multiplied according to the number of patterns per tilt
angle for the former alternative, and the STEM image acquisitions between patterns for the latter.

4.3.4 Experimental Setups
During the development of this doctoral work, two different programs were developed to acquire 3D
ED datasets following the Fast-ADT acquisition routine.

The first one is based on the scripting language of the Digital Micrograph environment (DME), which
enables the control of Gatan cameras, electron beam settings and alpha-tilt angles of the stage in
one single ready-to-use platform. The DigiScan unit also provided by Gatan is used to generate the
STEM images. In the case of the continuous approach, external software tools to control the tilt
velocity of the stage (Temspy for Thermo Fisher microscopes and GonioTool for JEOL microscopes)
are synchronized with the DME program. The resulting DME plug-in has been successfully tested
in a FEI Tecnai F30 FEG operated at 300 kV, a JEOL 2100F FEG operated at 200 kV and a FEI
Tecnai Spirit LaB6 operated at 120 kV.

In this work, the Gatan UltraScan 4000 (US4000, 4096 × 4096 pixels) and UltraScan 1000 (US1000,
2048 × 2048 pixels) were used with the Fast-ADT program. The advantage of this detector series
is its good quality reflection intensities for diffraction, but its main disadvantage is its high read-out
time; ∼ 3.6 s for binning 2 of the US4000 and ∼ 1.6 s for binning 1 of the US1000. Although these
times are feasible for the continuous approach, there is no real benefit when compared to the sequen-
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tial one in terms of experimental time and data quality. The tilt velocity has to be reduced down to
∼ 0.09 ◦/s for 4 s of exposure and binning 2 on the US4000, which is the usual camera setting for
low-dose experiments [134]. For this reason, a second program was developed in Matlab-environment
in order to take control of other fast frame-rate detectors for an optimum continuous approach.

This second design is based on the setup used by the precession-assisted crystal orientation and
phase mapping technique provided by NanoMegas SPRL, commercially called ASTAR. It uses an
external optical CCD camera mounted on the binocular position of the TEM to capture the diffrac-
tion patterns that are projected at the small or big fluorescent screen. The major advantage of such
cameras is the high frame-rate, which means that acquisitions of a PED-IEDT experiment between
± 60◦ can be performed in less than 1 minute. The signal generator unit of ASTAR system is
used to produce the beam shift and a self-modified tilt controller -following the design of Shi et al.
[270]- is used to trigger the start of the continuous tilt. The use of external equipment specifically
designed for this approach allows the direct synchronization of the camera acquisition, crystal track-
ing and stage tilting in a single environment. The resulting Matlab program has been successfully
tested in a FEI Tecnai F30 FEG operated at 300 kV and a FEI Tecnai Spirit LaB6 operated at 120 kV.

Finally, the traditional ADT routine has been re-programmed as a DME plug-in that works in TEM
and STEM mode in order to meet the most challenging nanocrystal problems as exemplified in the
previous subsection. In this case, it has been tested in a FEI Tecnai F30 operated at 300 kV and a
JEOL 2100F operated at 200 kV.

4.3.4.1 The DME-based module

The advantage of this experimental setup is that it can be applied to any microscope with an available
Gatan camera and the version 3 of Digital Micrograph. This program contains a C++-like object-
oriented language that is able to take control of all camera parameters as well as the main functions of
the TEM, thus a microscope control program can be developed inside Digital Micrograph. Although
the code is interpreted instead of compiled like C++, the program is fast enough to synchronize the
different routine parts.

Beam settings and shifts are controlled through the functions available in the EMControl library,
which may change the functions depending on the software version. For instance, the function called
EMBeamShift() is present with the old program versions, which uses relative values for the coil cur-
rents, while the function called EMSetBeamShift() is in the newer versions and uses absolute ones.
The module developed here uses the EMBeamShift() because it creates the crystal tracking file with
relative values, thus it does not depend on the exact same position of the crystal to perform the Fast-
ADT routine. The EMSetBrightness() function is used to set the two different beam configurations
for imaging and diffraction. When STEM mode is considered, the DigiScan scanning generator unit
provided by Gatan is used, as it allows an easy acquisition of fast and low-dose scanned images and
beam positioning through a STEM detector. In this case, the functions available in the DigiScan
library are used for beam shift, because the change of the reference system between image coordinates
and coils coordinates is internally calculated.
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Although the control of the tilt velocity is not currently available in the EMControl library, the
alpha-tilt angle can be set with the function EMSetStageAlpha() or CMTiltGoniometerTo(), which
depends on the DM version as well. Therefore an automatic and totally DM-integrated Fast-ADT
acquisition can be performed following the sequential approach. This impressively decreases the
experiment acquisition time from the usual 1 hour to slightly more than 10 min, while using the
same microscope tools and angular ranges. When the continuous approach is selected, the Temspy
(Thermo Fisher) or GonioTool (JEOL) program has to be used. Here the module is prepared to
synchronize with these manufacturer-dependent stage controller programs through a countdown for
triggering the continuous tilt and frame acquisitions both in TEM and STEM mode.

As mentioned above, US1000 and US4000 Gatan cameras with 15 µm of pixel size are used for the
present work. As the read-out time for the 4k x 4k chip is around 7.7 s, binning 2 is applied to
decrease it and obtain a faster retrieve of the diffraction patterns. In the case of the 2k chip, the
read-out is lower (∼ 1.6 s) and binning 2 does not decrease it so strongly (∼ 1.1 s). Binning 4 on
both cameras is used for the acquisition of the crystal tracking images in order to speed up the whole
Fast-ADT routine. The pre-specimen shutter is active during the read-out time in order to decrease
the electron dose on the sample. The advantage of such big chips is the recording of patterns at high
resolution with well-resolved reflections to properly solve structures of more than 100 Å of unit cell
parameters, like pharmaceuticals or proteins.

4.3.4.2 The Matlab-based module

The optical CCD camera used in this setup is the Stingray F-145B provided by Allied Vision GmbH,
which is plugged to the PC through a FireWire interface of a PCI card. The sensor has 1388 × 1038
pixels with a cell size of 6.45 µm x 6.45 µm and a 14-bit analogue-to-digital converter. This allows
the acquisition of 14-bit data at a maximum frame rate of 16 fps at full resolution. Matlab was used
in this setting as it has an easy accessible user interface to program the needed features: full control
of the camera as well as signal generation and triggering through the hardware unit of the ASTAR
system.

Images projected at the tilted fluorescent screen are distorted. The screen and binocular position
are designed in such a way that the view of the binocular is perpendicular to the screen, thus the
screen is usually tilted about 45◦ with respect to the TEM horizontal plane. This angle introduces
a
√

2 image enlargement along the vertical direction and a magnification difference effect between
the top and bottom part of the image, which is enhanced by large field of views. 2D homographies
(projective transformations) have to be applied in order to recover the non-distorted image.

A homography is a non-singular, line preserving and projective application from a n-space to itself,
∆ : En → En. It is represented by a square matrix of (n + 1) dimensions, δ, which has (n + 1)2 - 1
degrees of freedom. In this way, the more general form of the projective transformation is

~r′ =

x
′

y′

z′

 = δ · ~r =

d11 d12 d13
d21 d22 d23
d31 d32 d33


xy
z


If a small field of view is used, like a small portion of the small fluorescent screen, the magnification
difference effect is not significantly strong. This allows a simplification of the homography that has
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to be applied to correct the geometrical distortions; d31 = d32 = 0 and d33 = 1. This is a type of
homography called affine transformation that has 6 degrees of freedom, which includes 2 of scaling, 2
of rotation and 2 of translation. The simplified application for this particular case using homogeneous
image coordinates is x

′

y′

1

 =

a11 a12 t13
a21 a22 t23
0 0 1


xy

1


where the ti components correspond to the translation and aij components to the rotation and scale
factors.

When a bigger area of the fluorescent screen is viewed, the image magnification is reduced and the
projecting distortion clearly appears. This image distortion is shown as a vanishing point due to
the higher difference of the image plane distance from the projector system between the top and the
bottom of the acquired area. In other words, the optical system projects the image at the tilted
screen with less magnification at the top of the image than at the bottom. For such cases all the
components of the projective transformations are needed in order to take into account two more
degrees of freedom that correspond to the control of the vanishing point.

A) B)

C) D)

Figure 4.3.5: Images of a non-saturated silicon reflection A) without geometrical correction, and corrected
and intensity interpolated by the B) nearest neighbour, C) bilinear and D) bicubic mapping.

The following step is to assign an appropriate intensity value to the new set of pixels created by the
homography with respect to the distorted image. These intensity values are found using interpolation
algorithms, which take the positions of the corrected image, calculate the theoretical positions in
the original image using the applied factors and, finally, use their specific algorithm to assign the
intensity. The interpolation algorithms in image processing are known as texture mapping and the
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most common ones are the nearest neighbour, bilinear and bicubic. The first one assigns the intensity
value of a pixel on the corrected image with respect to the nearest pixel from the theoretical position
at the distorted image. The bilinear interpolation uses the 2 × 2 known nearer neighbour pixels
for these theoretical positions. It weights each of these positions with the related computed pixel
distance through two linear interpolations:

J(x′′, y1) = x2 − x′′

x2 − x1
I(x1, y1) + x′′ − x1

x2 − x1
I(x2, y1)

J(x′′, y2) = x2 − x′′

x2 − x1
I(x1, y2) + x′′ − x1

x2 − x1
I(x2, y2)

J(x′′, y′′) = y2 − y′′

y2 − y1
J(x′′, y1) + y′′ − y1

y2 − y1
J(x′′, y2)

where (x′′, y′′) are the coordinates of the distorted image transformed back to the reference system
of the original image, and x1, x2, y1 and y2 are coordinates of the original image that correspond
to the four nearest pixels to the position (x′′, y′′). I(xi, yj) is the intensity value from the distorted
image at the xi and yj position, and J(x′′i , y′′j ) is the interpolated intensity value for the corrected
image position, (x′i, y′j). When the bicubic interpolation is applied, the 4 × 4 known nearer neigh-
bour pixels from the theoretical position are used to determine the intensity for the corrected position.

Figure 4.3.5 shows the use of these interpolation algorithms on a non-saturated reflection acquired
with the described experimental setup. Bilinear interpolation is preferred because it reduces the
visual distortions when the scale factors are not integer values. Nearest neighbour interpolation
lets some pixels appear larger than others and bicubic interpolation gives smoother intensity values
because of the bigger area used to assign the intensity. Although bicubic could be interesting for
smooth changes of intensity profiles, a small interpolation area is preferred to have a more step-
like intensity profile for a reflection. Moreover, Figures 4.3.5C and 4.3.5D show that the difference
between bilinear and bicubic is not significant, but bilinear is chosen because of its faster calculation
and almost identical result.

A) B)

Figure 4.3.6: Diffraction patterns acquired from the big fluorescent screen of a FEI Tecnai Spirit TEM
with the Stingray F-145B at A) low and B) large focus depths. Both images are geometrically corrected.
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The different binocular geometries by the TEM manufacturers require the design of specific and
different supports in order to place the camera and acquire images from the viewing chamber. More-
over, the C-mount optical lens for the camera also changes depending on the focused screen and the
desired field of view. If the camera is focused on the small fluorescent screen, an optical lens of 50
mm of focal distance is enough to cover the whole area of the screen. If the camera is focused on the
big fluorescent screen and a large field of view is needed, an optical lens of 25 mm of focal distance
may be used. The big screen case scenario also requires a closed diaphragm for the optical lens;
otherwise the focus depth is too small for the whole frame to be properly focused (see Figure 4.3.6).
This is because of the relative tilt of the screen with respect to the plane of the CCD sensor, which
on the small fluorescent screen is almost 0◦. In JEOL microscopes the big fluorescent screen can be
tilted 7◦ with respect to the TEM horizontal plane in order to minimize this image defocusing, while
in Thermo Fisher microscopes it is not possible to do so at the present moment. Nevertheless, the
50 mm optical lens focused on the small screen was used in this setup. When a camera length that
provides a diffraction data resolution of 0.8 Å and a reflection size of 15 pixels for proper reflection
intensity integration are considered, the maximum measurable unit cell parameter is around 45 Å,
which is suitable for most of the materials to be studied with this experimental setup. The big screen
and bigger size sensors may be considered in order to deal with bigger unit cells. It is worth to say
that a fast decay phosphor (type P46; Gd2O2S:Tb) should be used, instead of the high conversion
efficiency and spatial resolution one (type P43; Y3Al5O12:Ce), to vanish as fast as possible the re-
maining reflection intensities when high tilt velocities are used.

A) B) C)

Figure 4.3.7: A) Image of the continuous tilt stage controller, B) the internal electronic circuitry and C)
the connections to the left control panel of any modern FEI or Thermo Fisher Tecnai series TEM.

The shift of the electron beam is generated through an external voltage output device. The Fast-
ADT program sends digital signals to the USB-3101FS voltage generator from the Measurement
Computing company, which in turn sends analogue signals to the P1000 hardware unit provided by
NanoMegas SPRL. Then, this external signal generator merges the shifting signal with the precession
signal and sends the resulting mix to the DCs and ICs of the microscope.

The continuous tilt of the stage is produced by means of the continuous tilt controller shown in
Figure 4.3.7. A self-made electronic circuit based on the design of Shi et al. [270] is used to shortcut
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the resistance values produced by the pressure-sensor buttons of the control panel. Here, a relay,
which triggers the use of the external resistances (properly calibrated for different tilt velocities) by
means of a small electronic board that is energized through one of the available outputs of the USB-
3101FS, is added for the initial synchronization of continuous tilt, detector acquisition and beam
shift. Special acknowledgement is given here to Spiros Panaretos from NanoMegas SPRL to help in
the design and manufacturing of this board. The electronic circuits of the resulting hardware are
shown in Figure 4.3.8. This controller can be used on any FEI or Thermo Fisher microscope that
uses the same control panel as the modern Tecnai series. It could be similarly implemented in JEOL
microscopes after some hardware modifications.
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4.4 Conclusions
Electron diffraction has been shown through this chapter as a consolidated method to structurally
characterize different materials. A historical perspective has been explained in order to introduce
the 3D ED technique, which is currently being used in several laboratories and it is continuously at-
tracting attention due to its capability to acquire individual diffraction data from single nanocrystals.
Most of the reported acquisition methods have been introduced and its advantages and disadvantages
have been discussed to justify the motivation to develop the new Fast-ADT routine.

Fast-ADT is based on two tilt scans of the goniometric stage in which the first one is used to generate
a crystal tracking file by acquiring images at the different tilt angles, and the second one is the 3D
ED acquisition itself that tilts the stage, shifts the electron beam according to the tracking file, and
acquires the diffraction pattern over the desired angular range in an automatic and optimum way.
This acquisition routine has been implemented both in TEM and STEM mode and the acquisition
can be performed by using the continuous or discrete tilt of the stage. In this context, an all-in-one
platform has been developed with the aim to provide an acquisition software that can be adapted to
the different technical characteristics of any TEM or the requirements of the material under study,
and boost the use of electron diffraction in the scientific community. Figure 4.4.1 shows the icon
used for the Fast-ADT programs.

Figure 4.4.1: Fast-ADT program icon.

Fast-ADT was initially designed in STEM mode to overcome the limitations of previous approaches
developed in TEM mode, while speeding up the traditional acquisition times of 3D ED datasets.
Another software called Instamatic and written in Python has been freely available during these last
years with a similar scope as the one presented in this work [279]. This program implements the RED
and IEDT techniques as well as the serial crystallography approach in TEM mode [280, 9]. Although
it has been demonstrated to work quite well for microcrystals [281, 282], it is not the most suitable
option for acquiring individual diffraction data from the most nanometre-sized crystallites. That is
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because of the beam registration problem, i.e., the positioning of the beam at the nanometre scale
in TEM mode suffers from the aberrations of the projector system [173], and an optimum tracking
tool is not available for the IEDT technique.

It is true that the Fast-ADT routine is not as fast as the automatic procedures implemented in In-
stamatic, which claims to acquire several 3D ED datasets from different crystals in less than an hour
[9, 275], but the accuracy of the presented technique to position the nanometre-sized beam at the
desired place of the crystal through the whole angular range of a 3D ED acquisition ensures that the
measurement of a few crystals in one to three hours is sufficient to obtain good and reliable results
of the specimen under study. In general, a few good single-crystal datasets are better than several
textured or poly-crystalline ones that come from a full illumination of expected individual particles
that are then found to be aggregates.

It is worth mentioning that all diffraction datasets acquired for crystal structure analysis in this work
have been obtained without using the microscope where the quasi-parallel beam alignment was tested
and characterized, the JEOL 2100 LaB6. That is because the goniometric stage was not specifically
aligned for tomography experiments and a slight tilt of the sample holder places the specimen out of
the eucentricity, which makes the acquisition of 3D ED datasets complicated, since automatic pro-
cedures for x, y and z position adjustments similar to the ones implemented in image tomography
software should be added that would increase the acquisition time as well as the total accumulated
electron dose on the sample. Nevertheless, some of the author’s PhD-candidate colleagues are using
a JEOL 2100F FEG following the alignment steps explained in this work and good results have
been obtained for phase and orientation maps as well as crystal structure determinations using the
Fast-ADT technique [283, 284].

Up to this point, this work has shown how to align the TEM for an optimum acquisition of diffraction
patterns according to the instrumentation available as well as the material under study, and a novel
acquisition method has been presented to efficiently acquire 3D ED datasets. In this context, the
TEM is enabled for its optimum application to the crystallographic characterization of different
materials based on the diffraction space. The following chapters detail the use of such setup in several
compounds to prove the high potential of electron diffraction for the study of crystal structures.
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Chapter 5

Fast-ADT: Applications

We pay more attention to the content of
messages than to information about their
reliability.

Thinking, Fast and Slow
Daniel Kahneman

The previous chapter has described the Fast-ADT technique and the different experimental setups
that can be used in order to run its acquisition method. Here, the technique is applied to three
different crystallographic analyses to demonstrate its potential for structure characterization. The
first one is a proof-of-concept on barium sulfate, a material stable under the illumination of the
electron beam that is used to show how accurate a crystal structure determination can be by using
the two Fast-ADT experimental setups. The second example is related to the quantitative study of
diffuse scattering in a layer silicate and it serves for the comparison of these setups to point out the
different benefits of specifically TEM-designed and external CCDs. Finally, the Fast-ADT technique
is used to acquire a dataset from a new ferrosilicide to show the capability of electron diffraction to
distinguish chirality in non-centrosymmetric crystal structures.

135
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5.1 Interplay of Detectors & Acquisition Approaches
The aim of this section is to show how diffraction data acquired with the Fast-ADT technique provides
good reflection quality for structure determination and refinement using particles of barite, as well as
its suitability for disorder investigations by presenting the case example of the RUB-5 layer silicate.
A post-column CCD detector with the sequential approach is compared to an external CCD camera
with the continuous approach in order to highlight the differences in their use and show the different
possibilities of the acquisition method.

5.1.1 Barite: Data Acquisition
Particles of barite (BaSO4), an inorganic salt with an orthorhombic crystal system (Pnma) mostly
used in oil and gas exploration that is stable under the electron beam, were chosen as a basic test
sample [285, 286, 21]. Fine powder of the specimen was dispersed in ethanol and sprayed on a carbon-
coated copper grid with a UIS250v Hielscher sonifier. The copper grid was loaded on a Fischione
tomography holder and inserted in a FEI Tecnai F30 FEG operated at 300 kV. STEM images were
acquired with a Fischione HAADF detector mounted at the side port of the TEM column. Three
crystals were selected from this grid and two Fast-ADT datasets were acquired on each one with
1◦ of precession angle generated by the DigiStar unit provided by NanoMegas SPRL. One dataset
was acquired with the Gatan US4000 post-column CCD camera and an electron beam set with spot
size 6, gun lens 8 and a 10-µm CA. The other dataset was collected with the Allied Vision Stingray
F-145B external CCD camera and spot size 6, gun lens 4 and a 10-µm CA were selected. A 200 nm
quasi-parallel beam in STEM mode and Microprobe illumination mode was chosen in both cases.
Figure 5.1.1 shows the images of the three crystals used for this Fast-ADT proof-of-concept.

A) B) C)

1 μm 0.5 μm 0.5 μm

Figure 5.1.1: TEM image (A) and STEM-HAADF images (B and C) of the three barite crystals used for
the Fast-ADT proof-of-concept. The filled red circles represent the position of the 200 nm beam for the 3D
ED acquisitions.

The post-column CCD dataset was acquired through the sequential approach with 1◦ of tilt step.
An exposure time of 0.5 s was selected, which resulted on a 3D ED acquisition time of around 10
min. The external CCD dataset was acquired with the continuous approach. The tilt velocity was
set to 1.77 ◦/s for the first crystal and 1.5 ◦/s for the other two. The exposure time was set to 100
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ms, which translated to around 1 min for the whole diffraction data acquisitions. In this second case,
special care was taken to avoid saturated reflections because the exposure time and the gain of the
camera can be changed over a large range without any danger to damage the sensor. The use of such
low velocity and exposure time resulted in a reflection integration of 0.15–0.18◦ per pattern. Since
the integration due to 1◦ of precession movement has a higher integration effect than the reflection
integration by the continuous tilt of the stage, the dataset can be later analysed as one acquired with
the sequential approach for proper comparison between detectors. Table 5.1.1 shows the acquisition
parameters for the six acquired datasets. The initial angle of crystal 1 datasets was limited to -45◦
because of crystal overlapping from close-by particles.

Crystal 1 Crystal 2 Crystal 3
US4000 F-145B US4000 F-145B US4000 F-145B

Tilt Range (◦) -45/60 -45/60 -60/60 -60/58 -60/60 -60/59

Tilt Step (◦) 1 - 1 - 1 -

Ref. Tilt Step (◦) 5 - 5 - 5 -

Tilt Vel. (◦/s) - 1.77 - 1.5 - 1.5

Ref. Tilt Vel. (◦/s) - 2.3 - 2.3 - 2.3

Acq. Patterns (#) 106 580 121 796 121 802

Exp. Time (s) 0.5 0.1 0.5 0.1 0.5 0.1

3D ED Acq. Time (s) 592 58 678 80 670 80

Table 5.1.1: Fast-ADT acquisition parameters from the US4000 and F-145B CCD cameras for the three
different barite crystals. “Ref.” stands for reference.

5.1.2 Barite: Data Processing & Crystal Structure Analysis

5.1.2.1 Initial Considerations

The acquired diffraction patterns with the US4000 do not require any major pre-processing in order
to start the crystallographic procedures. On the other hand, datasets from the F-145B need to be
processed prior to any reliable structure analysis. Two main operations have to be applied: the
correction of the geometrical distortion and the subtraction of the high background level.

The projective transformation matrix for the geometrical correction is obtained from a non-distorted
and a distorted reference pattern. On the non-distorted pattern, two Friedel pairs are selected and
the length ratio and the angle between the lines drawn for each Friedel pair are stored as the refer-
ence parameters. Then, the same Friedel pairs are selected in the distorted pattern and their pixel
coordinates are modified in order to meet the reference parameters. These initial and corrected
positions allows the determination of the projective transformation matrix that can be applied to
all the other frames given that the geometry of the acquisition has not been changed. Figure 5.1.2
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shows the reference patterns from the US4000 and F-145B that enabled the calculation of the matrix
components for the Fast-ADT acquisition of crystal 2. Since frames acquired with the US4000 do
not contain strong geometric distortions, these can be used as the references for the frames collected
at the tilted fluorescent screen. The Fast-ADT software developed in Matlab includes a graphical
user interface (GUI) that facilitates the selection of these positions and automatically retrieves the
geometrical correcting matrix.

A)

-15 nm

B)

-15 nm

C)

-15 nm

Figure 5.1.2: A) Reference diffraction pattern acquired with the US4000, B) raw pattern from the F-145B
and C) geometrically corrected pattern from the F-145B. The Matlab-based Fast-ADT software was used
for the geometrical correction.

One of the main key points for successful structure refinement is the characterization of the detector
noise. The US4000 provides a background with almost all pixels at 0 intensity, thus any processing
of the patterns to minimize this weak noise not related to the measurement itself is not necessary.
On the other side, the F-145B data contains a lot of noise in the background that reaches around
2000 counts on average. In order to take into account this huge noise, a histogram of the dark refer-
ence acquired with the same settings as the 3D ED acquisition is analysed to find the best constant
value to subtract on all patterns. Figure 5.1.3 shows the histograms for the intensity levels of a dark
reference and a background area near the edge of the screen from a pattern of the crystal 2 dataset,
both acquired with the same camera parameters.

The two histograms are very similar and it can be concluded that neither the excitation of the flu-
orescent screen nor the reflection of photons on the glasses between the CCD chip and the screen
increase the intensity levels of the background. In this way, a subtraction of 5000 counts to the whole
frame while keeping the negative values to 0 would suppress all noise in the background. However,
careful inspection of the pattern reveals that weak reflection intensities are above the 4000 level and
a subtraction of 5000 would bias their intensity. Therefore, in this case, 4000 is selected to subtract
the pattern background, which corresponds to ∼ 98% of the background pixels. The same procedure
was applied to the datasets of crystal 1 and crystal 3, which results in a subtraction of 5000 and 4000
counts, respectively. This kind of frame processing may be biased due to the fact that the weakest
reflections not detected by usual profile inspection may be at the noise level, but they are still forming
pixel clusters that can be found by 2D reflection search routines and their related intensity can be ex-
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Intensity LevelIntensity Level

A) B)FullMean FullMean

Figure 5.1.3: Histograms for the intensity levels of A) a dark reference image of 886 × 886 pixels and B) a
background area of 230 × 230 pixels near the edge of the screen when a diffraction pattern is projected into
the fluorescent screen. Both acquired with the Stingray F-145B CCD and the camera parameters used for
the 3D ED acquisition of crystal 2. Red lines mark the cut-off for the mean and full background subtraction
of the datasets.

tracted subsequently. For this reason, a less aggressive processing was carried out by subtracting the
mean intensity value of the pattern background, which turns out as 2800 counts for crystal 1 and 1400
counts for crystal 2 and 3. Nevertheless, structure solution algorithms focus on strong reflections to
solve the phase problem, hence the former background subtraction was used in this case. During the
structure refinement, both processed data have been used for comparison and discussion. The former
will be referred as full-background subtracted dataset and the latter as mean-background subtracted
dataset hereby. It is worth to note, that independent background fitting and subtraction for each re-
flection in each coarse-processed pattern is performed later on through the data processing programs.

Another point to mention is the α-tilt assigned to each frame. This is clear for the sequential
approach of the US4000 data since it is the tilt angle in which the stage stops to acquire the respective
pattern. In the case of the continuous approach of the F-145B, the α-tilt assigned to each frame was
selected to be the starting angular position of its continuous tilt integration. The middle tilt angle
of each continuous integration could be selected as well yet the resulting structure solutions will be
quite similar, because the integration by beam precession of 1◦ shades the integration effect of the
continuous tilt of 0.15-0.18◦ per pattern.

5.1.2.2 Unit cell Determinations & Structure Solutions

At this point, the crystallographic data processing can start. The unit cell determination for all six
datasets was carried out with the eADT program and the resulting cells are shown in Table 5.1.2.
The maximum a, b and c difference of the same crystal between both cameras is around 0.8 %, and
all angles approach to 90◦ with a maximum difference of 0.7◦ for crystal 1 and crystal 2 of the F-145B
data. Such differences are acceptable for electron diffraction data [266] and demonstrate that the
geometrical corrections applied to the distorted frames are suitable inside the regime of standard
analyses.
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The reconstruction of the ODS in all datasets allow to determine the extinction symbol Pn - a by
means of the identification of systematic absences. Figure 5.1.4 shows the 0kl section of crystal 2
from both detector acquisitions where the k + l = 2n reflection condition confirms the existence of
the n-glide plane perpendicular to the a-axis. Some violations of this condition are seen (blue circles)
yet they are weak and they are likely coming as a result of the dynamical interaction of electrons with
the crystal. The section that belongs to the F-145B data does not show so clearly these violations
due to the much lower sensitivity of the experimental setup.

Crystal 1 Crystal 2 Crystal 3
US4000 F-145B US4000 F-145B US4000 F-145B

a (Å) 8.880 8.841 8.883 8.882 8.899 8.842

b (Å) 5.474 5.454 5.460 5.434 5.471 5.483

c (Å) 7.127 7.185 7.143 7.179 7.116 7.145

α (◦) 90.6 90.2 90.4 89.3 89.7 89.7

β (◦) 89.7 89.4 90.2 89.7 90.2 90.2

γ (◦) 90.3 89.3 90.0 90.1 89.7 90.4

Table 5.1.2: Unit cell parameters determined with eADT. a, b and c are scaled by the averaged factor
obtained from the values reported by Jacobsen et al. (8.879 Å, 5.454 Å and 7.154 Å) [21].

A) B)

b*

c*

b*

c*

Figure 5.1.4: 0kl sections of the reconstructed ODS of crystal 2 from A) the US4000 data and B) F-145B
data. The red rectangles overlaid on the sections correspond to the projection of the unit cell, and blue
circles indicate reflections that violate the systematic extinctions. Both reconstructions were carried out
with the eADT program.

Structure solution followed the unit cell and space group determination using DM for electron diffrac-
tion implemented in Sir2014. The obtained structure solutions reveal all atomic positions except for
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one oxygen at a 4c site in the F-145B dataset of crystal 2. Nevertheless, similar and positive DPs
are obtained in all cases and the peak heights are differentiated enough to automatically distinguish
the three elements composing the crystal. Output parameters of the DM runs are shown in Table
5.1.3. The low number of reflections in the F-145B dataset of crystal 1 are caused by a larger camera
length used for pattern acquisition. As a consequence, reflections that belong to the diffraction data
resolution between 0.7 Å and 1.0 Å are only acquired at the frame corners and a significant number
of reflections covered from the other datasets are not present in this one. The low number of inde-
pendent reflections in the US4000 dataset of crystal 3 is due to the use of a lower diffraction data
resolution. In this particular case, the use of more reflections by increasing the resolution to 0.7 Å
resulted in a structure model with one missing oxygen.

Crystal 1 Crystal 2 Crystal 3
US4000 F-145B US4000 F-145B US4000 F-145B

Num. of Reflections (#) 4651 1728 4826 5304 4464 5684

Used Diff. Data Res. (Å) 0.7 0.7 0.7 0.7 0.8 0.7

Num. of Ind. Refl. (#) 480 398 480 498 319 494

Completeness (%) 82.2 68.2 82.2 85.2 82.0 84.6

Refl./Param. Ratio (-) 12.4 10.8 12.7 12.5 8.5 13.4

Overall B (Å2) 1.49 2.75 1.42 2.05 1.32 2.54

Rint (%) 18.5 13.7 13.8 16.3 12.8 14.8

R (%) 15.2 16.5 11.8 15.8 12.6 16.0

Table 5.1.3: Output parameters for the successful structure solutions obtained from DM of Sir2014. The
used diffraction data resolution filters the number of reflections that are used for the subsequent parameters
of the table. Rint is based on structure factors and R is based on structure factors and the BEA algorithm.

5.1.2.3 Structure Refinements

Structure refinements based on calculated dynamical intensities were carried out with the structure
models found in Sir2014. Here, PETS2 was used to extract the reflection intensities by fitting the
double-peaked profile and refine the orientation angles of each pattern with respect to the orienta-
tion matrix. Figure 5.1.5 shows the obtained fittings for the datasets of crystal 1. Note that the
fitting on the US4000 data is smooth up to the highest diffraction data resolution, while the F-145B
data starts to be noisier at the largest resolutions. When the full-background subtracted and mean-
background subtracted datasets are compared (Figures 5.1.5B and 5.1.5C), the former has larger
deviations at this high resolutions. That is because the weakest reflections at this region have lost
some of their intensity and the remaining is similar to the background noise. On the other side,
the mean-background subtracted data has cut some of the background but still leaves meaningful
intensity for the weakest reflections, hence the smoother fitting.
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Noise parameters to calculate the σ(~g) in PETS2 were set to 50 and 28 for US4000 data, and 35
and 3000/500000 for the full/mean background subtracted F-145B data. The first value corresponds
to the gain of the detector (counts/e−) multiplied by a cascade factor (fixed to 1.3) and the second
one is the variance of the dark reference of the detector [287]. The former was obtained through the
specifications of the experimental setups, while the latter was calculated by the acquisition of dark
references. Due to the still high background intensities that remain after subtracting the constant
value on the patterns, the variance of the F-145B dark reference is significantly higher than the
US4000. That is not due to the CCD chip but to the experimental setup, which has a constant signal
background even when the TEM room is kept fully dark. The constant-value subtraction helps to
decrease this effect but it is comprehensively higher than TEM-designed CCD detectors.
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Figure 5.1.5: Averaged rocking-curves of the strongest reflections at different diffraction data resolutions
intervals (red curves) and fitted by the precession-dependent double-peaked profile (blue dashed curves).
A) corresponds to the US4000 dataset, B) to the full-background subtracted F-145B dataset, and C) to the
mean-background subtracted F-145B dataset, all from crystal 1.

The extracted intensities and the found structure model from DM were imported to Jana2006 to run
the dyngo module. Nor was set to 128 and 256, for the F-145B and US4000 datasets, respectively.
Smaxg (matrix) of 0.01 Å−1 , Smaxg (refine) of 0.1 Å−1, RSg of 0.4 and gmax of 1.6 Å−1 were kept for all
datasets except the US4000 dataset of crystal 3, for which gmax was set to 1.45 Å−1. For the F-145B
data, all frames of crystal 1 were initially used while each second one of crystal 2 and 3 were chosen
to speed up the procedure. In all nine datasets, the worst fitting patterns were checked and removed
from the least-squares refinements.

The structure refinement in all datasets followed the same procedure; initial refinement with all
structural parameters fixed to find the best scale factor for each frame and the thickness of the
crystal, second refinement with atomic positions and isotropic DPs unconstrained, third one with
DPs changed to anisotropic for those atomic positions that are not negative, and a final refinement
with the same unconstrained parameters of the previous one but after optimizing the orientation
angles for each pattern based on the calculated dynamical intensities. Tables 5.1.4 and 5.1.5 show
the resulting figures of merit for the US4000 and F-145B datasets, respectively, and Tables 5.1.6,
5.1.7 and 5.1.8 at the end of this subsection show the final refined structural parameters.
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Crystal 1 Crystal 2 Crystal 3

Reflections (#) 2045/2752 2674/2973 1884/2009

GoF (-) 2.44/2.16 3.22/3.09 3.68/3.58

R (%) 6.41/7.86 7.15/7.62 7.65/7.94

Rw (%) 6.94/7.14 8.10/8.18 8.80/8.85

Table 5.1.4: Resulting figures of merit (obs/all) from the dynamical refinement of Jana2006 on the US4000
datasets. The criterion for observed (obs) reflections was I(~g) > 3σ(~g). R and Rw are based on the square
root of reflection intensities.

Full-Bckg Subtracted Mean-Bckg Subtracted
Crystal 1 Crystal 2 Crystal 3 Crystal 1 Crystal 2 Crystal 3

Reflections (#) 6279/12394 5354/10631 6415/11547 6907/12402 5657/9620 6617/11075

GoF (-) 9.12/6.74 8.23/6.08 8.95/6.86 3.34/2.65 3.06/2.48 3.62/2.94

R (%) 14.2/25.0 13.2/25.2 15.1/25.6 11.2/25.4 10.0/21.3 11.7/24.4

Rw (%) 14.4/15.0 13.3/13.8 15.0/15.5 8.79/9.32 8.42/8.91 10.0/10.5

Table 5.1.5: Resulting figures of merit (obs/all) from the dynamical refinement of Jana2006 on the F-145B
datasets. The criterion for observed (obs) reflections was I(~g) > 3σ(~g). R and Rw are based on the square
root of reflection intensities.

The refined structures from US4000 data show an accurate agreement with respect to the reference
structure model of Jacobsen et al. [21], up to only 3 pm difference in the positioning of the atoms
(see Appendix for the position differences of all atoms). All atomic positions have been refined with
anisotropic DPs, from which all the principal components of the tensor are positive and around 1 Å2.
Figure 5.1.6A displays a projection of the structure model after the dynamical refinement from the
dataset of crystal 1. The residual values R and Rw also show low and good percentages for electron
diffraction data that confirms the correct determination of the model with respect to the experimen-
tal data. GoF s are also close to the unity, thus the σ(~g) assigned to the extracted intensities have
been correctly assessed. A characteristic of these structure refinements is that the DPs of sulphur
are the smallest in the three datasets. If the difference Fourier map is checked with the final models,
some positive potential is seen in these positions, which indicates that perhaps their DPs should
be increased yet the least-squares method determines that these are the best estimated parameters.
Although the actual DP values in electron diffraction cannot be physically interpreted as accurate
as in neutron diffraction, the remaining potential at these positions does not exceed 3σ and it could
be concluded that this atom is highly fixed in such position. From a chemical point of view, the four
oxygen atoms that surround sulphur and form the tetrahedron geometry are covalently bonded. This
environment provides a balance of forces that allows the small movement of sulphur in comparison
to the oxygen as well as barium atoms, which explains the obtained DPs and they are confirmed
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by the comparable trend of these parameters in the structure refined by Jacobsen et al. in XRPD
[21] (see Table 5.1.9). In the case of oxygen, O1 and O2 atoms exhibit higher DPs in comparison
to O3, but here the origin of such values come from the symmetry-constrained positions related to
the mirror plane, since atoms in nature are not exactly fixed in these positions and the refinement
increases their DP values to fit better the experimental electrostatic potential.

Figure 5.1.6: Projections of the dynamical refined models from the A) US4000 dataset and B) full-
background subtracted F-145B dataset of crystal 1. Red atoms correspond to oxygen, yellow ones to
sulphur and green ones to barium. Atom volumes are scaled according to the principal components of the
anisotropic DPs.

The refined structures from F-145B data also match the reference XRPD model quite well but with
a higher discrepancy in the atomic positions; up to 6 pm and 8 pm for the full and mean-background
subtracted datasets, respectively (see Appendix for the position differences of all atoms). Figure
5.1.6B shows a projection of the structure model of crystal 1 from the full-background subtracted
data after the dynamical refinement. In this case, the way to process the frames before the refin-
ing procedures plays a major role. The figures of merit for the full-background subtracted datasets
are worse than the ones from the mean-background subtracted, yet the ratio between observed and
all reflections in both cases is approximately the same. The resulting lower GoF , R and Rw may
come from the fact that the processed reflection intensities have relative values that are better ad-
justed to the reality of the measurement, i.e. counts related to the reflections are not being strongly
removed as in the full-background subtracted datasets. In the same way, the variance calculated
from the processed dark reference images is closer to the performance of the camera, even if it is
extremely high compared to TEM-specific detectors. The effect of the high σ(~g) can be seen in the
ratio of observed reflections (reflections with intensities above three times σ(~g)) over all reflections
between the two different detectors data (see Tables 5.1.4 and 5.1.5). While it is 85% on average
for the US4000 data, it goes down to around 55% for the F-145B data, which is a clear indication
that the noise of the camera filters a big number of reflections because they are not statistically
meaningful, which is also seen in the jump of the GoF , R and Rw between the use of the observed
and all reflection intensities. Another significant difference is the estimated DPs according to the
frame processing. The structure models from the full-background subtracted data can be refined
with anisotropic DPs and they result in positive values, albeit bigger than the standard 1-2 Å2.
On the other side, the structures from the mean-background subtracted datasets allow to refine
the barium and oxygen atoms anisotropically but some principal components become negative, even
if not significantly, and the sulphur positions have to be kept isotropic because they become negative.
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Crystal 1

x/a y/b z/c Beq (Å2)

Ba 0.1842(1) 0.25 0.1583(1) 1.24(2)

S 0.0628(3) 0.25 0.6898(3) 0.77(5)

O1 (4c) 0.5876(5) 0.75 0.1069(5) 2.3(1)

O2 (4c) 0.3175(5) 0.75 0.0486(5) 1.43(9)

O3 (8d) 0.4195(4) 0.9684(5) 0.3109(4) 1.33(6)

Crystal 2

x/a y/b z/c Beq (Å2)

Ba 0.1848(2) 0.25 0.1584(1) 1.07(2)

S 0.0634(4) 0.25 0.6917(2) 0.59(7)

O1 (4c) 0.5883(9) 0.75 0.1109(6) 2.3(2)

O2 (4c) 0.3163(7) 0.75 0.0502(4) 1.3(1)

O3 (8d) 0.4199(5) 0.9679(4) 0.3109(3) 1.08(8)

Crystal 3

x/a y/b z/c Beq (Å2)

Ba 0.1852(2) 0.25 0.1583(1) 1.33(4)

S 0.0628(5) 0.25 0.6903(4) 0.89(9)

O1 (4c) 0.5845(1) 0.75 0.1081(8) 2.6(2)

O2 (4c) 0.3163(1) 0.75 0.0496(6) 1.3(2)

O3 (8d) 0.4178(6) 0.9679(6) 0.3120(4) 1.1(1)

Table 5.1.6: Structural parameters of barite after the structure refinement for the datasets acquired with
the US4000. Unit cell parameters were fixed to the ones reported by Jacobsen et al. [21] for the refinement.
The values in parentheses for the different parameters are the estimated standard deviations. 4c and 8d
refers to the Wyckoff positions. Beq is calculated from the anisotropic DPs as Beq = 1/3
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See Appendix for all the anisotropic components.
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Crystal 1

x/a y/b z/c Beq (Å2)

Ba 0.1837(1) 0.25 0.1559(1) 3.16(3)

S 0.0617(3) 0.25 0.6849(3) 2.74(7)

O1 (4c) 0.5904(7) 0.75 0.1087(6) 5.3(2)

O2 (4c) 0.3175(5) 0.75 0.0438(4) 2.3(1)

O3 (8d) 0.4147(5) 0.9663(4) 0.3141(4) 3.5(1)

Crystal 2

x/a y/b z/c Beq (Å2)

Ba 0.1846(2) 0.25 0.1571(1) 2.46(3)

S 0.0635(4) 0.25 0.6891(2) 1.56(7)

O1 (4c) 0.5922(8) 0.75 0.1133(5) 3.3(2)

O2 (4c) 0.3159(6) 0.75 0.0482(4) 2.1(1)

O3 (8d) 0.4214(5) 0.9646(4) 0.3135(3) 2.8(1)

Crystal 3

x/a y/b z/c Beq (Å2)

Ba 0.1840(2) 0.25 0.1574(1) 2.90(3)

S 0.0657(4) 0.25 0.6888(2) 1.81(8)

O1 (4c) 0.5872(9) 0.75 0.1158(5) 4.3(2)

O2 (4c) 0.3154(6) 0.75 0.0460(4) 2.1(1)

O3 (8d) 0.4250(5) 0.9675(4) 0.3163(3) 3.1(1)

Table 5.1.7: Structural parameters of barite after the structure refinement for the datasets acquired with
the Stingray F-145B and full-background subtracted. Unit cell parameters were fixed to the ones reported
by Jacobsen et al. [21] for the refinement. The values in parentheses for the different parameters are
the estimated standard deviations. 4c and 8d refers to the Wyckoff positions. Beq is calculated from the
anisotropic DPs as Beq = 1/3
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Crystal 1

x/a y/b z/c Beq (Å2)

Ba 0.1848(1) 0.25 0.1565(1) 0.19(2)

S 0.0644(3) 0.25 0.6905(2) -0.73(3)*

O1 (4c) 0.5914(7) 0.75 0.1064(7) 2.8(2)

O2 (4c) 0.3101(7) 0.75 0.0522(6) 2.1(1)

O3 (8d) 0.4215(4) 0.9698(4) 0.3149(3) 0.33(8)

Crystal 2

x/a y/b z/c Beq (Å2)

Ba 0.1843(1) 0.25 0.1583(1) 0.36(2)

S 0.0657(3) 0.25 0.6939(2) -0.49(3)*

O1 (4c) 0.581(1) 0.75 0.1141(5) 2.8(2)

O2 (4c) 0.3176(7) 0.75 0.0574(5) 1.1(1)

O3 (8d) 0.4208(5) 0.9639(4) 0.3127(3) 0.9(1)

Crystal 3

x/a y/b z/c Beq (Å2)

Ba 0.1845(1) 0.25 0.1581(1) 0.18(2)

S 0.0665(4) 0.25 0.6903(2) -0.34(3)*

O1 (4c) 0.5903(9) 0.75 0.1147(5) 1.3(2)

O2 (4c) 0.3093(9) 0.75 0.0489(6) 1.7(2)

O3 (8d) 0.4261(5) 0.9750(4) 0.3122(3) 0.2(1)

Table 5.1.8: Structural parameters of barite after the structure refinement for the datasets acquired with
the Stingray F-145B and mean-background subtracted. Unit cell parameters were fixed to the ones reported
by Jacobsen et al. [21] for the refinement. The values in parentheses for the different parameters are
the estimated standard deviations. 4c and 8d refers to the Wyckoff positions. Beq is calculated from the
anisotropic DPs as Beq = 1/3
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*This value corresponds to the isotropic value of the DP.
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x/a y/b z/c Beq (Å2)

Ba 0.18453 0.25 0.15843 0.833
S 0.06251 0.25 0.69082 0.705
O1 (4c) 0.5870 0.75 0.1072 1.782

O2 (4c) 0.3176 0.75 0.0498 1.390

O3 (8d) 0.4194 0.9704 0.3118 1.056

Table 5.1.9: Structural parameters of barite from the Rietveld refinement of Jacobsen et al. [21]. 4c and 8d
refers to the Wyckoff positions. Beq is calculated from the anisotropic DPs as Beq = 1/3
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5.1.3 Layer Silicate: Data Acquisition
RUB-5 (Si42O84) is a recently solved new layer silicate structure that exhibits a new silica polymorph
in a monoclinic crystal system [22]. Crystals of this material exhibit a high degree of stacking disor-
der with intergrowths of different polymorphs due to its layer-like building units. Figure 5.1.7 shows
a projection of the crystal structure along [1̄1̄0] direction in which two of these structural layers are
indicated. The plate-like morphology of these particles makes the disorder analyses difficult due to
a strong preferred orientation. Since these layer-like building units lay always parallel to the carbon
film of the TEM Cu-grid, most of the streaks do not appear on single frames and they need to be
obtained from sections of the reconstructed ODS, thus making the tilt step the main critical experi-
mental parameter. This particular characteristic is interesting in order to compare the performance
of the different CCD-based detectors to approach such investigations.

a b

c

Layer	γ

Layer	α

500 nm

Figure 5.1.7: STEM-HAADF image of a RUB-5 crystal (left) and its crystal structure projected along
the [1̄1̄0] direction (right). The orange atoms correspond to silicon and the red ones to oxygen. Structural
layers α and γ correspond to the building units of the different polymorphs according to the notation of
Krysiak et al. [22].

ADT datasets were acquired using the US4000 camera and Fast-ADT datasets were collected with
the Stingray F-145B by means of the continuous approach, both in a FEI Tecnai F30 FEG operated
at 300 kV in STEM mode and Microprobe illumination. A 10-µm CA, gun lens 8 and spot size 6
were used to produce a quasi-parallel beam of 100 nm in diameter for the US4000 data. A 50-µm
CA, gun lens 4 and spot size 7 were set to produce a 300 nm quasi-parallel beam for the F-145B
data. The beam size is bigger for the F-145B data in order to reduce the electron dose on the crystal.
Several datasets were acquired at different angular ranges and camera parameters, but here only two
datasets are included for comparison. The ADT dataset is composed of 121 patterns acquired with
4 s of exposure time and a tilt step of 1◦ between -60◦ and 60◦ of α-tilt that took around 1 hour to
acquire. The F-145B dataset took about 1 minute to entirely acquire it and it contains 1018 patterns
acquired with 30 ms of exposure time and a tilt velocity of 1.75 ◦/s between -50◦ and 60◦ of α-tilt.
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Prior to the reconstruction of the F-145B diffraction data, single frames were background corrected
with the rolling-ball option of the eADT [12]. For both kinds of datasets, the reconstruction of the
ODS was carried out with the eADT.

5.1.4 Layer Silicate: Comparison on ODS Reconstructions
Figure 5.1.8 shows the same 2D section from the ODS reconstruction of the two different acquisitions,
and the zoom-in of three selected regions that contain diffuse scattering. As exemplified in this
figure, the use of smaller tilt steps in the F-145B dataset clearly provides a better way to sample
the streaks, which is evidently seen the higher the diffraction data resolution is (see Figure 5.1.8C).
It also demonstrates that the intensity coming from the fluorescent screen is enough to detect such
features. Although the beam dose was higher in the F-145B case to obtain enough intensity from the
screen, it was not strong enough to deteriorate the crystallinity of the particle. One problem that
could lead to the hampering of the analysis is the reminiscence of the phosphor. For this reason,
the screen should be coated with the fast-decay phosphor and special care should be taken on the
beam settings to not overexpose the screen and avoid saturation of reflection intensities as much as
possible. Nevertheless, the low intensities between reflections observed in this dataset come from
diffuse scattering as other intense reflections do not have such reminiscence effect.
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Figure 5.1.8: A) and B) hhl sections from the ODS reconstruction of two different RUB-5 particles. A)
corresponds to F-145B data acquired with the continuous approach from -50◦ to 60◦, and B) with the
US4000 and the sequential approach from -60◦ to 60◦. C) shows zoomed images of the reflections from the
blue rectangles of A) and B) together with the respective indices.



5.1. INTERPLAY OF DETECTORS & ACQUISITION APPROACHES 151

5.1.5 Discussion
The US4000 datasets show that the use of such detector for accurate and reliable crystal structure
determination is appropriate. Although its main disadvantage is its long exposure times for good
signal-to-noise levels and read-out times, the sensitivity and especially tuned electronics to measure
diffraction patterns result in diffraction data quality suitable for precise characterization of crys-
tal structures. Its coupling with the Fast-ADT acquisition routine optimizes the efficiency of these
diffraction acquisitions in a routine basis.

The use of the F-145B for these crystal structure analyses is feasible but it is not as good as the
US4000. The reason behind this statement is the low signal-to-noise ratio of the detector on such
an experimental setup. The high background intensities hinder the reliable acquisition of weak re-
flection intensities, which are the majority of reflections in a diffraction dataset. Furthermore, this
CCD camera is prone to saturation and previous checks have to be carried out to ensure acquisitions
of non-saturated diffraction data, thus it complicates the enhancement of weak reflections. The data
processing shown here demonstrates that crystal structure determination and dynamical refinement
is possible with this camera in an accurate way, which can be seen in the low maximum deviation
of the atomic positions and the low figures of merit. On the other hand, the variation of the DPs
according to the background processing of the frames shows that a high reliability of such charac-
terization cannot be assessed, yet the crystal model is still correct. In this way, it can be concluded
that this experimental setup can be used to determine crystal structures of high crystalline and beam
stable materials, yet the found structure models have to be further refined with other experimental
setups and/or techniques.

One main advantage of the F-145B setup in comparison to the US4000 is the faster fine sampling of
the ODS for the accurate acquisition of diffuse scattering. Although the use of the US4000 works for
the characterization of disorder [135], in this case the need of a tilt step smaller than 0.5◦ and higher
exposure times for good signal-to-noise ratio would result in 2-3 hours of data acquisition for a single
particle (± 60◦ of angular range). The acquisition of low angular ranges would be feasible, but the
preferred orientation of these crystals necessitate high tilt angles in order to have a better display
of lines containing diffuse scattering and select the best regions. The use of Fast-ADT with a fast
frame rate camera facilitates the acquisition of such large 3D ED datasets, and allows the accurate
description of such disorder effects by the analysis of the diffuse streaks from the ODS . The Stingray
F-145B is not a very sensitive camera due to the remaining noise of the experimental setup, but it
has been demonstrated that it can be used to perform these quantitative analyses when dealing with
crystal structures that contain strong diffuse scattering [22].
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5.2 The Absolute Structure of a Ferrosilicide
The aim of this section is to show how electron diffraction data acquired with the Fast-ADT technique
allows the determination of the absolute structure of a Fe-Cr-Ni silicide by means of dynamical
refinements.

5.2.1 The Fe-Cr-Ni Silicide Phase
The structure determination of the new silicide phase present in the RR2450 alloy was carried out by
electron diffraction, since the strong reflection overlapping present in the XRPD pattern hindered its
use to find the structure solution. Interestingly, it was found that a uniformly solved carbon (around
1.2 weight %) considerably enhances the alloy strength and enables its use in extreme environments
like in a nuclear reactor, thus the crystal structure was characterized from samples with and without
carbon to check any possible difference between them. The π-ferrosilicide phase was solved by DM of
Sir2014 with the cubic space group P213, determined by eADT, and a lattice parameter of 6.1908(1)
Å with carbon and 6.1669(2) Å without carbon, obtained from the XRPD pattern. The dynamical
refinement with partially occupied positions by silicon or iron-nickel-chromium showed that the final
chemical formula was (Fe,Ni,Cr)4.18Si0.82 with carbon and (Fe,Ni,Cr)3.92Si1.08 without carbon. Since
Fe, Ni and Cr have similar scattering factors due to the consecutive atomic numbers and they occupy
the same atomic positions, Fe was used as the reference element to consider their whole contribution.
The main difference found between both final structure models was the unit cell parameters, hence
it was concluded that the carbon was uniformly located in interstitial positions within the crystal
structure [25]. The only question left over was the chirality of the structure due to the use of a
non-centrosymmetric space group, from which two different arrangements of the atoms inside the
unit cell, that are differentiated by the application of an inversion centre, are possible.

5.2.2 Data Acquisition
A 10 µm by 5 µm lamella was prepared from a carbon-free ingot of the RR2450 alloy by David
Bowden from the university of Manchester with a focused ion beam (see Figure 5.2.1) [25].

Figure 5.2.1: A) TEM and B) STEM-HAADF images of the lamella used for the Fast-ADT acquisition.
The filled red circle in B) represents the position of the 300 nm beam for the 3D ED acquisition.
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The sample was mounted in a FEI tomography holder and inserted in a FEI Tecnai Spirit LaB6
operated at 120 kV. The Gatan US1000 post-column CCD camera was used to acquire the diffraction
patterns with an exposure time of 0.25 s. Microprobe illumination, spot size 8 and a 10-µm CA were
used to produce a 300 nm quasi-parallel beam. The Fast-ADT DME-based program was used in
TEM mode to collect a 3D ED dataset between -60◦ and 60◦ of α-tilt with 1◦ of tilt step. 1◦ of
precession was applied by the DigiStar unit provided by NanoMegas SPRL.

5.2.3 Structure Refinement
The reflection intensities were extracted from PETS2 by the double-peaked profile fitting after the
optimization of the orientation angles. The resulting hkl file was imported to Jana2006 and the
crystal structure obtained from the charge-flipping algorithm was used as the initial model for the
structure refinement.

First, kinematical refinement was carried out to coarsely refine the found model. The correct enan-
tiomer for the measured crystal cannot be determined through the kinematical theory because of the
Friedel pairs. The calculated reflection intensities related to the two structural configurations of a
non-centrosymmetric crystal are exactly the same, thus the least-squares method with both settings
lead to the same result.

Figure 5.2.2: 0kl section of the reconstructed ODS of the π-ferrosilicide dataset. Blue circles indicate the
positions of the systematic extinctions according to the P213 space group.

A dynamical refinement is not always necessary, but when the material under study contains heavy
elements and it is highly crystalline, dynamical effects are more likely to occur. This is the case of
this structure from which reflection intensities could be collected up to 0.33 Å in diffraction data
resolution. Moreover, even if the lamella thickness was estimated to be around 40 nm [25], the
dynamical nature of electron diffraction phenomena is significant, which can be seen in the strong
violation of the systematic extinctions in the 0kl section of the reconstructed ODS in Figure 5.2.2.
For this reason, it makes sense to perform a dynamical refinement and improve the accuracy of
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the retrieved crystal structure. In fact, the kinematical refinement results in one Fe position with
negative isotropic DP, which is an indication of partial occupation of silicon but also of strong
dynamical effects that difficult the match between experimental and theoretical potential maps used
by the least-squares method. The resulting figures of merit from the refinements are shown in Table
5.2.1.

Kin. Refinement Dyn. Refinement
Incorrect Enantiomer Correct Enantiomer

Reflections (#) 873/875 2374/2386 2358/2370

GoF (-) 21.5/21.5 7.08/7.07 3.54/3.53

R (%) 22.9/22.9 9.89/9.91 5.10/5.11

Rw (%) 30.4/30.4 12.8/12.8 6.41/6.41

Table 5.2.1: Resulting figures of merit (obs/all) from the kinematical and dynamical refinements of the
π-ferrosilicide from Jana2006. The criterion for observed (obs) reflections was I(~g) > 3σ(~g). R and Rw
are based on structure factors for the kinematical case and the square root of reflection intensities for the
dynamical one. Dynamical refinements were carried out with Nor of 128, gmax of 1.6 Å−1, RSg of 0.4,
Smaxg (refine) of 0.1 Å−1 and Smaxg (matrix) of 0.01 Å−1.

Figure 5.2.3: Difference Fourier map along the a-axis of the A) correct and B) incorrect enantiomer for
the measured π-ferrosilicide phase. The cut-off value for the electrostatic potential, ∆ρmax, is set to 2σ in
both cases. Positive potentials are displayed in yellow and negative ones in light blue. The dark blue atoms
correspond to Fe-Ni-Cr positions and the orange ones to the Si positions.

From the decline of about 18% in the residual R value, it is clear that the dynamical refinement
improves the reliability of the retrieved model. The ratio between observed and all reflections that is
close to the unit also points out that the scattering power of the crystal is high, and the dynamical
interactions are increased in consequence. It is statistically meaningful as well the drop in the
three figures of merit between the dynamical refinements of the enantiomers, which suggests the
crystal structure with lower figures of merit as the correct one according to this diffraction dataset.
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Furthermore, the difference Fourier maps displayed in Figure 5.2.3 show remaining potential related
to noise for the low figures of merit enantiomer, while the other model produces a map with remaining
potential at the atomic positions, hence indicating the wrong selection of the crystalline configuration.
In this way, these two analyses of the resulting structure refinements determine in good agreement
the correct non-centrosymmetric crystal structure for the measured π-ferrosilicide phase.

5.2.4 Discussion
The resulting figures of merit from the dynamical refinements carried out from the acquired Fast-ADT
dataset allows the reliable determination of the absolute structure of the π-ferrosilicide phase. The
difference Fourier maps graphically facilitate this characterization due to the appearance of remaining
potentials at the atomic positions when the wrong structural setting is chosen. It is also worth to say
that such clear result is product of the enhanced dynamical effects due to the nature of the measured
crystal. While the kinematical refinement was only possible with isotropic DPs and one of the Fe-Cr-
Ni positions resulted in a negative DP, the dynamical refinement allowed a structure refinement with
meaningful partial occupancy factors and low and positive anisotropic DPs. The difference between
both non-centrosymmetric configurations of the structure plays a role as well, since both structural
settings are significantly different and therefore its related reflection intensities. This is not always
the case and as a result the refinement parameters are not very different between enantiomers. For
instance, pharmaceutical compounds where the determination of the absolute structure is key for
efficient use of the drug are formed by light elements, the scattering differences between enantiomers
are not high and the electron beam is damaging the crystal during the measurement. It has been
demonstrated that it is possible to distinguish them [168], although the same confidence shown here
cannot be obtained and such result may not be that easy to retrieve in a routine basis. For this
reason, the acquired diffraction data have to be carefully analysed and the nature of the material
under study properly understood in order to carry out such fine crystallographic analyses.



156 CHAPTER 5. FAST-ADT: APPLICATIONS

5.3 Conclusions
This chapter has demonstrated the utility of the Fast-ADT technique to acquire diffraction datasets
suitable for three different crystallographic problems: the determination and refinement of a crystal
structure, the analysis of diffuse scattering to explain disorder, and the retrieval of the absolute
configuration of chiral structures.

Two different CCD cameras have been compared for the Fast-ADT acquisition method. The use
of slow refreshing CCD cameras like the US1000 or US4000 in the TEM limits the performance of
the continuous acquisition approach and, for this reason, the Fast-ADT routine was coupled to the
faster Stingray F-145B optical CCD mounted in the binocular position to evaluate the use of the
continuous approach. Both experimental setups have been compared by two different case studies; a
proof-of-concept crystal structure determination from the well-known barite and a disorder analysis
of the recently-solved RUB-5 layer silicate.

The results from section 5.1 on barite crystal structure determinations show that both experimental
setups can be used to obtain accurate structure models, up to 3 pm difference with respect to the
XRPD model for the US4000 data and 8 pm for the F-145B data. The major disadvantage of the
F-145B experimental setup is its remaining background noise that decreases its signal-to-noise ratio
and lowers its sensitivity. Different image processings have been applied to the frames but it has
been shown that this can significantly change the DPs related to the atomic positions. Traditionally,
DPs from electron diffraction have been considered figures of merit (around 1-2 Å2) rather than real
measurable physical properties like in neutron diffraction. In fact, the resulting atomic positions from
the F-145B dataset are found to be in good agreement with the XRPD model, even if the DPs are
totally different. Nevertheless, a reliable structure determination has to be further confirmed using
a different technique if only this kind of data is available. On the other hand, since the US4000 is a
specifically TEM-designed CCD detector that has an almost negligible and flat background noise of
low variance, all reflection intensities can be reliably taken into account and accurate crystal struc-
tures can be determined.

The Fast-ADT acquisitions on the RUB-5 structure has shown that, even if the F-145B experimental
setup is not very sensitive, diffuse scattering can be investigated to resolve the probability of layer
stacking in such crystals, thus disorder problems. In this case, the major advantage of the F-145B
setup with respect to the US4000 setup is its fast retrieval of the diffraction data, together with
the fine slicing of the diffraction space required for proper sampling of the streaks between Bragg
reflections.

At this point, it is worth to mention that the combination of CMOS-based detectors via the interme-
diation of a scintillator and optical fibres (like the XF416 from TVIPS or the OneView from Gatan)
or direct detection (like the Medipix-based detectors from ASI or QD, the Quadro from Dectris or
the EMPAD from Thermo Fisher) with the Fast-ADT technique could be the optimum experimental
setup to deal with any crystallographic analysis of the diffraction space, mainly because of its higher
sensitivity and fast acquisition frame rate. However, careful tests should be made to check the best
pixel counting setting in order to suppress most of the noise but still retain the weakest intensities.
In the case of direct detection cameras, additional studies on the influence of bigger pixel size should
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be made to analyse the shape of reflections, their sensitivity to diffuse scattering and the maximum
attainable diffraction data resolution before reflection overlapping.

Finally, the crystallographic analysis of the ferrosilicide phase from data acquired with the Fast-ADT
routine has shown that electron diffraction can be processed to reliably determine the absolute struc-
ture for crystals that crystallize in non-centrosymmetric space groups. This result has been obtained
because of the significant difference between the two enantiomorphs of the structure, and the cor-
responding calculated intensities based on the dynamical theory used for the structure refinement.
This is a very important finding, mostly for the pharmaceutical field, because of the major role that
chirality plays in drug effectiveness.

To sum up, the Fast-ADT technique together with the already available data processing tools have
demonstrated that reliable and accurate crystal structure characterizations can be carried out with
electron diffraction. In this way, the following two chapters use the proven validity of this approach
in order to determine the crystal structure of an organic dye and the incommensurately modulated
structure of an inorganic industrial mineral in cement.
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Chapter 6

A New Crystal Structure of DRED1

τὴν δὲ εὐμάρειαν οὐδὲν ἄλλο λέγω

ἢ εὐκοσμίαν.

[Tranquility is nothing else than
the good ordering of the mind.]

Τὰ εἰς ἑαυτόν [Meditations]
Marcus Aurelius

Previous chapters have shown how a TEM can be aligned to set up a quasi-parallel beam, with and
without precession, that coupled with the Fast-ADT technique provides a suitable combination for
the systematic acquisition of 3D ED datasets. Such setting has been proved to fit for reliable crystal
structure determinations as well as for the retrieval of fine crystallographic details. In this chapter,
the Fast-ADT technique is applied to characterize an unknown polymorph of the DRED1 molecular
crystal. This is an organic compound that loses its crystallinity under the illumination of the electron
beam, thus the challenge consists on getting enough reflections with good signal-to-noise ratio for a
successful structure determination. Although several Fast-ADT datasets are collected and their data
processing reveals a triclinic crystal system, the standard tools for intensity extraction are not enough
in order to get a complete structure solution. For this reason, the reflection intensities are extracted
by means of the fitting of the double-peaked profile on the rocking curves, and different hkl files are
merged in order to increase the completeness. This approach allows the ab initio determination of
all 46 non-hydrogen atom positions related to two independent DRED1 molecules in the asymmetric
unit of the P 1̄ space group. Finally, a Rietveld refinement against XRPD data and a dynamical
refinement on Fast-ADT datasets confirm the new structure model for DRED1.

159
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6.1 The Disperse Red 1 Dye
Disperse red 1 (DRED1: C16H18N4O3) is an azobenzene derivative from the family of dye molecules.
Dyes belong to the general family of colourants together with pigments, but the difference is that
dyes are soluble coloured compounds that are designed to bond strongly to polymer molecules for
textile applications, while pigments are insoluble and they are mainly used in paints, printing inks
or plastics [288]. The molecule of DRED1 is shown in Figure 6.1.1.

O N2
CH3

N

N N
OH

Figure 6.1.1: DRED1 molecule.

The DRED1 molecule is formed by a nitro group (-N2O) at the para position of one of the benzenes,
while there is a nitrogen at the other benzene linked to an ethanol group (-C2H6O) and an ethyl group
(-CH2CH3) positioned above and below the azobenzene plane. This compound has a characteristic
red colour that gives name to the dye.

DRED1 has been intensively characterized with spectroscopic tools (such as Fourier-transform in-
frared spectroscopy, visible-ultraviolet spectroscopy, Raman spectroscopy and nuclear magnetic reso-
nance) in different chemical environments [26, 27, 28, 29], but few studies are found regarding its crys-
talline structure [289, 290]. Electron diffraction has already been used in combination with other char-
acterization tools for structural studies in these kinds of organic compounds, mainly pigments, during
the last decades, especially since the invention of the 3D ED technique [164, 291, 292, 293, 294, 295].
In this context, a new crystallographic study is carried out on the basis of electron diffraction in
order to get a clearer picture of the crystal structure of DRED1 in comparison to the reported ones.
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6.2 Crystal Structure Determination
DRED1 powder was purchased from Sigma-Aldrich and a recrystallization procedure with toluene
was followed in order to improve the crystallinity of the compound. Figure 6.2.1 shows the XRPD
patterns of the as-made and recrystallized DRED1 in normalized intensity scale. This plot displays
reflections with higher signal-to-noise ratio for the recrystallized one that indicates a better crys-
tallinity of the material. Then, the re-crystallized powder was mixed with a very small amount of
barite, dispersed in n-hexane and sprayed with a UIS250v Hielscher sonifier on carbon-coated copper
grids for their subsequent use in the TEM. The small amount of barite is used as a reference to
accurately calibrate the diffraction patterns.

Commercial
Re-crystallized

Figure 6.2.1: XRPD patterns of the commercial DRED1 powder (red) and the re-crystallized one with
toluene (blue).

6.2.1 Data Acquisition
Fast-ADT datasets were acquired with a FEI Tecnai F30 FEG operated at 300 kV in STEM mode.
Spot size 8, gun lens 8 and a 10-µm CA in the Microprobe illumination was used to produce a 200
nm beam with an electron dose rate of 0.21 e−/Å2s (at FWHM) for the acquisition of the diffraction
patterns. A 5 nm beam with an electron dose rate of 293 e−/Å2s (at FWHM) was set for STEM
imaging. 1◦ of precession was applied for the acquisition of the 3D ED datasets with the DigiStar
unit provided by NanoMegas. The Gatan US4000 CCD with binning 2 and exposure times of 2 and
4 seconds were used for the collection of the patterns. Camera length of 1 and 1.2 m were chosen to
take advantage of the full CCD field of view as the material diffracts up to 0.8 Å at maximum. The
crystal tracking files were generated from STEM-HAADF images (1024 × 1024) with a dwell time of
4 µs per pixel. A final accumulated dose of ∼ 100 e−/Å2 was obtained per Fast-ADT dataset. Ini-
tially, three datasets were acquired at room temperature (RT) using a Fischione tomography holder.



162 CHAPTER 6. A NEW CRYSTAL STRUCTURE OF DRED1

Later, three other crystals were measured with a Gatan cryo-transfer tomography holder (model 914)
at liquid N2 temperature (LT) in order to increase the stability of the sample [296]. The holders
were tilted from -60◦ to 60◦ in all cases. Figure 6.2.2 shows STEM-HAADF images of two measured
crystals.

Figure 6.2.2: STEM-HAADF images of two measured plate-like crystals. The red filled circles represent
the size and position of the electron beam for the acquisition of the diffraction data.

XRPD measurements were carried on a STOE transmission powder diffraction system (STADI P)
equipped with a Ge (111) monochromator (Cu-Kα1 radiation, λ =1.54056 Å) and a linear position
sensitive director. A borosilicate glass capillary of 1 mm in diameter was filled with the microcrys-
talline powder, which was cooled down to 140 K during the measurement by an Oxford Cryostream
700Plus.

6.2.2 Unit Cell Determination & Structure Solution
The six acquired diffraction datasets were imported to the eADT program for unit cell determina-
tion and intensity extraction. All datasets revealed a triclinic unit cell with the following averaged
parameters: a = 7.8(1) Å, b = 11.20(9) Å, c = 19.7(1) Å, α = 74.0(8)◦, β = 83.8(9)◦, γ = 70.4(6)◦
and Ω = 1569(26) Å3 (see Appendix for each determined unit cell). The DRED1 molecule occupies
∼ 395 Å3 according to the approximated elemental volumes reported in the Hofmann tables [228],
which means that approximately four molecules can sit inside the found unit cell. Molecular crystals
tend to crystallize in low-symmetry settings because molecules constitute the basic structural unit
of the crystal and occupy a large volume, thus the resulting crystal has to keep an energy-balanced
packing without overlapping of molecules. However, when main sections of the reconstructed ODS
are inspected, systematic extinctions appear along the a∗-axis that could hint the possibility of a
higher symmetry cell. Figure 6.2.3 shows these sections for crystal 3 at RT and crystal 4 at LT. In
this scenario, Lepage [297] was used to look for other cells, but only monoclinic cells with different
centrings and face-centred orthorhombic cells were suggested that match the metric of the found
triclinic cell. Initial trials with space groups following these translational symmetries using DM in
Sir2014 showed high Rint values, which indicate wrong choices of symmetry, and the structure solu-
tions did not provide a model that could resemble a packing of DRED1 molecules. For these reasons,
the triclinic setting with four DRED1 molecules was chosen for further structural analysis (see Ap-
pendix for the projections along the main axes of the reconstructed ODSs from crystal 3 and crystal
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4 datasets). The XRPD pattern was indexed in DICVOL [298] based on the averaged eADT unit cell
parameters and a Pawley refinement [299] was followed to accurately obtain the lattice parameters:
a = 7.72170(2) Å, b = 11.13973(4) Å, c = 19.57525(8) Å, α = 73.8003(28)◦, β = 83.0396(38)◦, γ =
70.4982(13)◦ and Ω = 1523.465(9) Å3.

Figure 6.2.3: 0kl, h0l and hk0 sections of the reconstructed ODS from crystal 3 at RT (upper figures) and
crystal 4 at LT (lower figures). The red rhomboids correspond to the projections of the unit cell.

Figure 6.2.4 shows the projections of the reconstructed ODS along the c∗-axis of the triclinic setting
for two crystals measured at RT and LT. Here, it is worth noting how the use of liquid nitrogen
improved the quality of the dataset. The sensitivity of the DRED1 crystals under the illumination
of the electron beam is not that high in comparison to other organic materials or metal-organic
frameworks [181, 300]. However, the illuminated areas did not show intense reflections anymore after
a Fast-ADT dataset was acquired, i.e. a ∼ 100 e−/Å2 electron dose was enough to considerably
deteriorate the ordering of the solid. The sample cooling with liquid nitrogen proved to stabilize
the particles because reflections at higher diffraction data resolutions could be acquired, and a good
signal-to-noise ratio for the reflection intensities was kept until the dataset acquisition was final-
ized. In this way, the maximum electron dose before the crystallinity is lost was increased and more
statistically-meaningful reflections were acquired. For instance, the number of reflections with inten-
sity above 3σ for the crystal 3 dataset using all acquired frames (121) is 2042, while crystal 4 dataset
using 111 of the acquired patterns provides 2470 above this threshold.
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Figure 6.2.4: Projections along the c∗-axis from A) crystal 3 at RT and B) crystal 4 at LT. The red
rhomboids correspond to the projections of the unit cell.

Reflection intensities were then extracted with eADT by the assignment of the maximum value of
the rocking curve as the reflection intensity. Since the diffraction data may have slight geometrical
distortions due to the optical system of the TEM as well as the different morphology of the measured
crystals, the found eADT unit cell in each dataset was used here instead of the XRPD-refined one.
In this way, the reflection positions in the diffraction patterns and the positions calculated by the
UB fit better and their intensity can be accurately integrated.

The obtained hkl files were imported to Sir2014, a composition of four DRED1 molecules was set
for the normalization of the structure factors, and the P 1̄ space group was selected to run DM to
retrieve ab initio structure solutions. The resulting electrostatic potentials showed some hints on the
approximate positions of the azobenzenes but they differed between different datasets. One of the
reasons of such poor results comes from the low completeness of the diffraction data. Although an
angular range of 120◦ was covered for each dataset, the percentage of independent reflections ranges
between 55% and 70% because of the low symmetry. Furthermore, DRED1 crystals exhibit preferred
orientation with the a and b axes sitting in the plane of the TEM grid, and only one of the datasets
covered the c-axis. This means that most missed reflections are along the c-axis direction, thus pro-
ducing an elongation of the resulting electrostatic potential through this direction that makes the
determination of the ethanol and ethyl positions difficult [301].

In order to increase the completeness and improve the possibility of a successful structure solution,
one dataset covering the a and b axes was completed with a second one including the c-axis. The
hkl files of both datasets were merged by a Matlab script courtesy of Yaşar Krysiak. This code takes
both hkl files, looks for reflections that appear in both files and obtains a scale factor through a linear
fitting. Then, the scale factor is applied to the reflections of the second file that are not present in
the first one, and the final hkl file is generated with all reflections of the first one plus the scaled
reflections of the second one. Table 6.2.1 shows the parameters of the hkl files from the two used
diffraction datasets and the final merged hkl file. The slight increase of the Rint indicates the good
merge of both reflections files.
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Crystal 3 (RT) Crystal 4 (LT) Merged

Used Tilt Range (◦) -60 to 60 -50 to 60 -

Num. of Reflections (#) 5979 10203 12702

Ind. Refl. at 0.8 Å (#) 3508 4180 5530

Completeness (%) 56.4 67.1 88.8

Rint (%) 17.5 20.0 20.6

Table 6.2.1: Parameters of two diffraction datasets and their merged hkl file. Rint is based on structure
factors from Sir2014.

Ab initio structure solutions were tried once again with the merged hkl file in DM of Sir2014, yet
the results did not improve significantly. In this situation, SA from Sir2014 was used instead. The
molecule was imported as a .mol file obtained by drawing the molecule and the application of a
forcefield geometry optimization in Materials Studio [302]. In the SA algorithm, the x, y and z
translation as well as its whole rotation were set free to move. Regarding the torsion angles, only the
ones related to the movement of the end groups were flexible (5 in total), while the ones linked to
hydrogens were fixed (see Figure 6.2.5). SA was executed 10 times with space groups P1 and P 1̄ with
four and two independent molecules, respectively. The resulting models showed the positions of the
azobenzenes in both space groups, and the small difference found between them suggested that the
crystal could be well described in P 1̄. However, the correct orientation of the nitro, ethyl and ethanol
groups was more difficult to retrieve as they have more freedom to move, and the comparison of the
XRPD pattern against the simulated powder based on the model from SA showed some significant
discrepancies (see Appendix).

Figure 6.2.5: Sketch of the DRED1 molecule with the labels for the different atoms and the 5 torsion
angles (marked in green dashed lines) used for the structure solutions of SA from Sir2014.
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At this point, the reflection intensities from the two datasets used for the merged file were extracted
with PETS2 [13]. The intensities were initially extracted through the fitting of the double-peaked
profile, then the orientation angles were refined using least-squares methods via the fitting of the
experimentally determined rocking curves with the modelled curves, and, finally, reflection intensities
were extracted based on the new orientation and a scale factor refined as well on the rocking curves
of each diffraction pattern (see Appendix for the results on the fitting of the double-peaked profiles
on the averaged rocking-curves from the different datasets). The unit cell determined from XRPD
was used and constrained here to prevent the triclinic lattice to partially compensate the misorien-
tation of the patterns. The extracted hkl files were then merged to obtain a new hkl file with Rint

of 21.1 % and completeness of 87 %, which was subsequently used for ab initio structure solutions
with DM in Sir2014 as well as with the CFA in SUPERFLIP [243] in the P 1̄ space group using
a fixed composition of four molecules (Biso was fixed to 2 Å2 in SUPERFLIP). In both cases, the
crystal structure determination was successful and a structure model with all 46 non-hydrogen atoms
of the two DRED1 molecules in the asymmetric unit was directly retrieved. Table 6.2.2 shows the
resulting parameters for the structure solutions according to the different intensity extractions and
algorithms used. Figure 6.2.6 shows the electrostatic potential and the as-found structure models
with SUPERFLIP and Sir2014 revealing a molecule stacking similar to the one found in the previous
SA. Some of the elements were not properly assigned and they were manually changed according to
the DRED1 molecule.

Max. Int. / SA Profile Fit / DM Profile Fit / CFA

Used Diff. Data Res. (Å) 2.0 0.8 0.8

Completeness (%) 95.2 87.1 87.5

Refl./Param. Ratio 17.2 15.3 8.07

Overall B (Å2) 13.66 0.03 1.88

Rint (%) 7.98 21.1 20.9

R∗ (%) 45.9 35.4 44.2

Table 6.2.2: Output parameters of the structure solutions according to the different intensity extractions
(Maximum intensity in eADT and the fitting of the double-peaked curved in PETS2 ) and algorithms (SA
and DM from Sir2014, and CFA from SUPERFLIP). Rint is based on structure factors.
* The R values reported here correspond to RSA, R based on structure factors and the BEA algorithm, and
Rcf , respectively.
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Figure 6.2.6: Projections of the as-found structure solutions in A) SUPERFLIP and B) Sir2014 overlapped
with their related electrostatic potential at 2σ (displayed in transparent yellow). The potentials that are
not filled in B) correspond to the atoms of molecules from subsequent unit cells. Black atoms correspond
to carbon, blue ones to nitrogen and red ones to oxygen.
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6.2.3 Structure Refinements
The obtained structure solution was used as the initial model for its refinement against XRPD
through the Rietveld method from the program TOPAS [303]. The table in Figure 6.2.7 shows some
of the input parameters and the resulting figures of merit for the refinement of the DRED1 structure
model against the XRPD data.
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Figure 6.2.7: Rietveld refinement in TOPAS of the new polymorph of DRED1 on the XRPD pattern
taken at 140 K. Z refers to the number of molecules inside the unit cell and Z’ is the independent number of
molecules according to the space group. R and Rw are based on structure factors. Black profile corresponds
to the measured intensities, red profile to the calculated ones, and grey profile to their difference. Blue tick
marks represent the reflection positions according to the Pawley refined unit cell parameters.

The hydrogen atoms were initially positioned at ∼ 1.09 Å of carbons in the benzenes, at ∼ 1.10 Å of
carbons in the -CH2 and -CH3 groups, and at ∼ 0.86 Å of the oxygen in the ethanol end-group. Their
initial orientation with respect to the other elements was given according to the forcefield geometry
optimized molecule created in Materials Studio. Angles, distances and geometries were restrained by
chemical reasons according to similar structures found in the Cambridge structural database [304].
Three isotropic DPs were defined for each atom type and refined separately, whereas hydrogen was
fixed to be 1.2 times the carbon DP. The reported low figures of merit demonstrate the reliability of
the crystal structure and Figure 6.2.7 shows the resulting calculated reflection intensities against the
experimental ones after the Rietveld refinement that proves the correctness of the structure model
for the new polymorph of DRED1. The position of all symmetrically-independent atoms obtained
from this refinement are provided as a Cif file in the Appendix.
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Although the refined structure gave a good fitting, the hydrogens of the OH- groups were not that
clear because the oxygens of four molecules were close and they generated a hydrogen-bond (H-
bond) network between them. In order to verify the formation of this network, crystal 4 and crystal
5 electron diffraction datasets were used, as single datasets as well as for a combined refinement,
to perform a dynamical refinement with the XRPD-refined model. Initially, a difference Fourier
map without the hydrogens was calculated from these datasets in order to check if extra potentials
appear at these positions. Figure 6.2.8A shows this map with the structure model from the Rietveld
refinement in which an enlarged extra potential at 3σ is seen close-by one of the hydrogens. In
this way, the dynamical refinement was carried out using the XRPD-refined structure as the initial
model, applying similar restraints as the Rietveld refinement (see Appendix), and following the same
procedure described for the barite example in the previous chapter. Table 6.2.3 shows the resulting
figures of merit of the refinement. Figure 6.2.8B shows the difference Fourier map with the final
dynamical refined model where the map was calculated without the hydrogens of the network. The
extra potential seen in Figure 6.2.8A is enhanced in this case because there is still remaining potential
at 4σ, which significantly indicates that the hydrogen needs to be placed at this position and thus
confirms the formation of the square-like network suggested from the Rietveld refinement. The Cif
file of the resulting refined structure is provided in the Appendix.

Figure 6.2.8: Difference Fourier maps from the area of the H-bond network A) before and B) after
the dynamical refinement. The structure model in A) corresponds to the one obtained from the Rietveld
refinement, and B) corresponds to the model retrieved at the end of the dynamical refinement. Electrostatic
potentials at 2σ and 3σ are displayed in yellow and blue, respectively. 2σ = 0.29 e−/Å and 3σ = 0.43 e−/Å
for A), 2σ = 0.21 e−/Å and 3σ = 0.31 e−/Å for B). Pink atoms correspond to hydrogen, black ones to
carbon and red ones to oxygen.

The found crystal structure corresponds to a new polymorph that is different to the two reported
ones from XRPD. It was first characterized in a hydrated form by Lacroix et al. with a triclinic
crystal system (P 1̄) and two independent molecules (Z = 4) [289]. Subsequently, Nath et al. showed
a dehydrated form with a monoclinic crystal system (P21/n) and two molecules in the asymmetric
unit (Z = 8) [290]. In this case, both molecules exhibit statistical disorder for the ethanol and ethyl
groups and the Rietveld refinement results in partial occupation of both groups in their respective
positions. Table 6.2.4 shows the unit cell parameters for these two published structures and the one
found in this work.
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Crystal 4 Crystal 5 All Reflections

Reflections at 0.91 Å(#) 2507/12946 1387/11560 3894/24506

Refl./Param. (-) 6.93 3.83 10.8

GoF (-) 2.27/1.20 2.87/1.17 2.51/1.19

R (%) 10.6/29.2 12.2/37.5 11.2/32.7

Rw (%) 11.5/13.7 13.6/16.3 12.3/14.7

Table 6.2.3: Resulting figures of merit (obs/all) from the dynamical refinements in Jana2006. The criterion
for observed (obs) reflections was I(~g) > 3σ(~g). The “Refl./Param.” parameter refers to the number of
observed reflections over the number of refined parameters. R and Rw are based on the square root of
reflection intensities. Nor of 128, gmax of 1.3 Å−1, Smaxg (matrix) of 0.01 Å−1 , Smaxg (refine) of 0.1 Å−1 and
RSg of 0.8 were used for the refinement.

a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦) Ω (Å3)

Lacroix et al. [289] 7.539(1) 11.365(1) 19.358(3) 83.58(2) 83.77(2) 73.81(1) 1578

Nath et al. [290] 10.152(2) 7.769(2) 38.639(3) 90 92.863(3) 90 3043.61

Plana-Ruiz et al. [305] 7.72170(2) 11.13973(4) 19.57525(8) 73.8003(28) 83.0396(38) 70.4982(13) 1523.465(9)

Table 6.2.4: Unit cell parameters of the crystalline structures of DRED1.

The only left over question was whether water is present inside the crystal given that the hydrated
triclinic structure of Lacroix et al. incorporates two water molecules inside the unit cell. Half cell
of the dehydrated monoclinic phase has a volume of ∼ 1521 Å3, which is close to the cell found in
this work (∼ 1523.5 Å3). The hydrated triclinic one has a volume of ∼ 1578 Å3. According to the
increment method of Hofmann [228], H2O has an average volume of 43.1 Å3, which shows that if
the determined crystal structure would have water, its volume would be increased about 50 Å3 and
it would fit to the volume of the reported hydrated structure. This indicates that the crystalline
volume of the solved structure is not big enough to place water molecules. To confirm this, differ-
ential thermal analysis (DTA) and thermogravimetric analysis (TGA) were carried out to have an
experimental proof that the structure does not contain water.

TGA and DTA are experiments that measure the weight of the sample and the temperature differ-
ence that the sample could undergo with respect to a reference inner material, respectively, through a
temperature cycle. The usual combination of both techniques allows, for instance, the identification
of phase transitions, crystallization processes or solid state reactions [306]. Figure 6.2.9 shows the
TGA and DTA curves for the re-crystallized DRED1 powder through a temperature cycle between
28 ◦C and 510 ◦C. Around 100 ◦C there is a smooth decrease on the DTA curve but the TGA does
not show any decrease on the mass of the sample, thus no water is present inside the structure.
Interestingly, an exothermic reaction happens around 160-170 ◦C that indicates a phase transition
of the crystalline structure before the sample melts at around 310 ◦C.
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Figure 6.2.9: TGA (red) and DTA (blue) curves on the re-crystallized DRED1 powder through a temper-
ature cycle between 28 ◦C and 510 ◦C.

In this way, the combination of the refinements on diffraction data and the thermal analysis demon-
strates that the new polymorph of DRED1 is well characterized and reliably fits the available exper-
imental data. Figure 6.2.10 shows a projection of the refined crystal structure which only displays
the two symmetrically independent molecules inside the unit cell for their better visualization.

Figure 6.2.10: Projection of the new crystal structure of DRED1 from the dynamical refinement with the
two asymmetric molecules only. Pink atoms correspond to hydrogen, black ones to carbon, blue ones to
nitrogen and red ones to oxygen.
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6.2.4 Crystal Structure Description

The crystal structure in P 1̄ is formed by two independent DRED1 molecules of different conformation
and not fully planar azobenzenes. Figure 6.2.11 shows the two molecules with the different torsion
angles obtained from the dynamical refined crystal structure.

Figure 6.2.11: The two symmetrical independent molecules of the dehydrated DRED1 crystal structure.
Torsion angles according to the dynamical refined model are indicated with green dashed lines.

The planes formed by the azobenzenes and nitro groups are deviated from a perfect plane. The two
phenyl rings linked by the N=N bond result in torsion angles of 179.4(5)◦ and 177.5(3)◦, which show
that the two phenyl rings are not totally co-planar in both molecules, but the phenyl rings are not
completely flat either since a deviation up to 1.2(11)◦ is observed. Para positioned nitro groups are
tilted with respect to the plane of their linked phenyl rings as well with torsion angles of 165.6(8)◦
and 165.4(7)◦ for the first molecule, and 157.8(5)◦ and 166.1(5)◦ for the second one. The lengths of
the two symmetrically independent azobenzene planes are approximately oriented along the c-axis
and their planes are tilted ∼ 126◦ with respect to each other. When several molecules are projected
approximately along the c-axis, a herringbone-like packing is observed (see Appendix).

However, the biggest difference between the independent molecules lies in the orientation of the ethyl
and ethanol groups. In both molecules, they point in opposite directions along the a-axis, i.e. while
the ethyl group is oriented along the positive direction of the a-axis, the ethanol group is pointing
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towards the negative one. This structural arrangement is followed by the two molecules but their
specific orientations with respect to their linked phenyl groups are different. The torsion angles are
81.9(7)◦ and 110.4(7)◦ for the ethyl groups, and 168.7(9)◦ and 76.2(10)◦ for the ethanol groups. Due
to the positioning of the ethanol groups, the compound exhibits four O-H··O hydrogen bonds with
distances between oxygens of 2.624(15) Å and 2.633(10) Å, which leads to a square-like network
between four molecules. Figure 6.2.12A shows the H-bond network, its oxygen to oxygen distances
and the angles of the hydrogen with respect to the oxygens (see Appendix for the whole orientation
of the molecules).

Figure 6.2.12: H-bond network together with the oxygen to oxygen distances and angles of the hydrogens
with respect to the oxygens from A) the dynamical refined model reported in this work and B) the one
reported by Lacroix et al. [289]. Pink atoms correspond to hydrogen, black ones to carbon and red ones to
oxygen. The dashed blue lines represent the hydrogen bonds.

Unit cell parameters and molecular packing are comparable to the structure reported by Lacroix et
al. [289]. The structural arrangement of the two independent molecules is quite similar, yet some
differences are observed. The torsion angles related to the N=N bonds are smaller, the para posi-
tioned nitro groups are less tilted with respect to the azobenzenes and the carbons of the phenyl
rings are not as flat, up to a torsion angle of 3.7(4)◦. When the two symmetrically-independent
azobenzene planes are considered, the angle between both planes is about ∼ 128◦. The ethyl groups
are oriented more perpendicular to the azobenzene planes, 82.8(4)◦ and 77.1(3)◦, and the ethanol
groups are much more tilted towards their respective azobenzene planes, 62.6(3)◦ and 175.6◦ angles.
These arrangements of the ethanol groups and the presence of the water molecules result in six
hydrogen bonds (2.681(4) Å, 2.718(3) Å and 2.691(4) Å oxygen to oxygen distances) that form an
hexagonal-like network as shown in Figure 6.2.12B.
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The comparison with the Nath et al. structure is more difficult because of the disorder of the end-
groups in both symmetrically-independent molecules [290]. If only the azobenzenes are considered,
their planes are the most planar in comparison to the other two crystal structures, and the orientation
angle between each of them is decreased down to ∼ 89◦. When the ethanol groups are considered,
their arrangement can be described in one of the molecules as partially occupying the position of
the ethyl group with the oxygen approximately pointing towards the positive direction of the a-axis
in both cases, while in the other molecule it partially occupies four different positions taking into
account the position of the ethyl group and the orientation of the oxygen approximately pointing
through the positive or the negative direction of the a-axis. Nevertheless, although there are several
possible orientations of these groups, no hydrogen-bond network similar to the ones of Figure 6.2.12 is
detected in this case. A search in Lepage for possible lower symmetry cells suggests another primitive
monoclinic cell (a = 10.15 Å, b = 7.77 Å, c = 19.32 Å, β = 92.86◦ and Ω = 1521.78 Å3). Although the
same volume is obtained, the unit cell is quite different to the one reported in this work. Therefore,
it is clear that the determined crystal structure is another dehydrated polymorph of DRED1.
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6.3 Conclusions
The structure characterization of organic materials is a field that is mostly addressed by X-ray tech-
niques due to its systematic and routine acquisition methods and data processing tools. However,
the further development of electron diffraction in terms of detectors as well as acquisition methods
has brought the gap between X-ray and electron diffraction closer. In this context, this chapter has
shown how electron diffraction data acquired through the Fast-ADT acquisition routine is suitable
for the determination of beam sensitive materials.

DRED1 crystals are not as beam sensitive as other organic materials since Fast-ADT datasets could
be acquired through angular ranges of 120◦. However, the intensity of reflections was strongly de-
creasing while acquiring the 3D ED dataset and the last diffraction patterns did not contain that
much reflections in comparison to the initial ones. In this context, the use of liquid nitrogen proved
to be essential in order to stabilize the particle and increase the number of statistically-meaningful
reflections acquired through the whole dataset. As a consequence, the different algorithms had more
reliable reflections to be used that increased the possibility to retrieve a chemically-valid model.

The data processing of the acquired datasets by using two different structure solution algorithms
directly revealed the 46 non-hydrogen atoms in P 1̄ from the obtained electrostatic potential map.
Here, the merging of two datasets in order to obtain a high number of independent reflections, as well
as the fitting of the double-peaked curve on the rocking curves for reflection intensity extraction were
key for this result. After the initial ab initio structure solution was obtained, the structure model was
further completed and validated by a Rietveld refinement on XRPD data and a dynamical refinement
on two electron diffraction datasets. It is important to remark the sensitivity of electron diffraction to
validate the hydrogen positions of the H-bond network and reliably determine one of them for further
refinement. In fact, if the R value is calculated according to a structure model with and without
hydrogens, the R(obs) increases from 11.2% (with H) to 14.4% (without H), a significant difference
that proves the high sensitivity of electron diffraction. Nevertheless, the combination of these two
different refinements shows that electron and X-ray diffraction techniques are complementary and
provide a strong confirmation of the reported structure.

The structure determination of a triclinic system demonstrates the reliability of electron diffraction for
the crystallographic characterization of beam sensitive materials. The structure was characterized
by the combination of electron and X-ray measurements, yet it has to be pointed out that the
structure solution was directly obtained from single-crystal electron diffraction data. Furthermore,
the approach followed in this study also proves that a high-end TEM or camera is not mandatory to
reliably determine the structure of beam sensitive materials, since the key point is to acquire good
quality datasets and process them in an accurate way to get the most of it.
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Chapter 7

The Modulated Structure of Belite

We must use time as a tool,
not as a couch.

Address in NYC to the NAM, 1961
John F. Kennedy

Traditional X-ray methods are extensively applied to cement samples, yet reflection overlapping
caused by the high number of different crystal phases in powder patterns, and the necessity to grow
large enough crystals for single-crystal analysis, turn out to be non-optimum for the proper charac-
terization of real cement specimens. A TEM coupled with the Fast-ADT routine is advantageous
because it enables the fast and systematic acquisition of diffraction datasets from individual particles
of well-dispersed powders. For this reason, the approach has been used on the investigation of the
different crystalline phases of cement clinkers manufactured by Schwenk Zement KG. Such acqui-
sition procedure and later data processing enables the structural characterization of the different
crystalline phases, from which the α′H polymorph of belite (Ca2SiO4) exhibits satellite reflections at
an incommensurate reciprocal distance from main reflections. The crystal structure of such poly-
morph has been known since 1971, but the observed modulation has never been fully studied. Further
crystallographic analysis reveals for the first time that the incommensurately modulated structure
can be solved and refined by using harmonic and crenel functions [157] in the superspace group
Pnma(α00)0ss.

177
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7.1 The Polymorphs of Belite
Belite (Ca2SiO4) is one of the major constituents of clinker, thus the structure characterization of the
different polymorphs is key to foresee and understand the performance of the resulting cement. Figure
7.1.1 shows a scheme of the different crystal structures, that dicalcium silicate (C2S) transitions to,
with respect to temperature.

Figure 7.1.1: Schematic of the dicalcium silicate phase transitions between the different polymorphs with
respect to temperature [16, 18].

The only phase that is thermodynamically stable at room temperature is the orthorhombic γ-C2S
[307]. All other polymorphs require the addition of dopants that partially substitute the silicon anions
by phosphates and/or the calcium by potassium or strontium, as well as the precipitation of minor
oxides that induce strain to the crystal structure [307, 308]. In the case of the manufacturing process
of the clinker, belite grains contain these different crystal phases and the interest is to preserve the
high-temperature polymorphs because of their higher reactivity at room temperature. Table 7.1.1
summarizes the crystallographic information of C2S-polymorphs according to the literature.

Polymorph Crystal System Lattice Parameters Space group

γ Orthorhombic a = 5.081 Å; b = 6.778 Å; c = 11.244 Å [309] Pcmn [309, 310]

β Monoclinic a = 5.502 Å; b = 6.745 Å; c = 9.297 Å P121/n1 [311, 312]
β = 94.59◦ [312]

α′L (2a,b,2c) Orthorhombic a = 11.184 Å; b = 6.837 Å; c = 18.952 Å [313] Pcnb [313]

Pmnb or Pmnn [314]

α′L (a,3b,c) Orthorhombic a = 5.601 Å; b = 20.863 Å; c = 9.500 Å [315] P21nb [315]

Pmnb [316]

α′H Orthorhombic a = 5.519 Å; b = 6.767 Å; c = 9.303 Å [317] Pmnb [313, 316, 317]

α
Hexagonal / a = 5.579 Å; c = 7.150 Å [318] P63/mmc [318]

Trigonal P 3̄m1 [319]

Table 7.1.1: Crystal structure information of the different polymorphs of dicalcium silicate obtained by
X-ray single-crystal or powder diffraction. The notation in the α′L polymorphs refer to the number of α′H
unit cells along the different directions needed to obtain the superstructures.
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γ-C2S is an orthorhombic crystal that resembles the olivine-type structure and contains two indepen-
dent calcium cations surrounded by six-oxygen environments [309]. When temperature is increased,
different superstructures are obtained that are generally referred to as α′L-C2S [313, 315]. These
can be understood as intermediate phases between γ-C2S and α′H-C2S since their superstructure can
be derived from the basic unit cell of α′H-C2S, where oxygen and calcium have split positions and
calcium cations are surrounded by eight and ten oxygen environments [317]. α-C2S crystallizes in
the hexagonal or trigonal crystal system and, in this case, six and seven oxygen-coordinated envi-
ronments for calcium cations are observed [318]. When temperature is decreased from 700 ◦C or
higher to around 600 ◦C, the monoclinic β phase is formed with calcium coordinated by six and
eight oxygen anions. If temperature is then decreased further down to room temperature, γ-C2S is
retrieved once again. When enough dopants are added or belite crystals are sufficiently small, the β
polymorph is stabilized and it is prevented from reducing to γ-C2S. Since the latter crystal phase is
less dense, the clinker production tries to minimize this transformation because it would produce a
more voluminous powder on cooling that results in less strength, an effect called dusting [16].

β, α′L, α′H and α phases are classified as glaserite-type structures and they can be subsequently
described by the movement of calcium anions and the change of the silicon tetrahedra orientations.
The lower the temperature, the lower the symmetry of the related crystalline phase. The nature of
the transition between α′L and α′H C2S also leads to the observation of modulated features in the
form of extra reflections in zone-axis electron diffraction patterns [307, 320, 321]. Although these
features have been investigated through the use of supercells and chemically and crystallographi-
cally meaningful descriptions for more than half a century, crystal structure refinements including
incommensurate modulations still remain to be done to fully comprehend the compound.
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7.2 TEM Study on Calcium Silicate Enriched Samples

7.2.1 Motivation
Almost all crystal structure determinations from the works cited in the previous section were carried
out by X-ray diffraction. This means that single-crystal studies had to be done with crystalline
domains grown in laboratory conditions, and powder investigations on “real” clinkers or cement
samples resulted in diffractograms full of reflection overlapping. The former results in good Rietveld
refinements that properly determines the crystal structure of the material under study, but it may
hinder other crystallographic effects produced in the manufacturing process. XRPD gives good and
accurate phase quantification of the different crystal phases inside the mixture, but it requires the
input of all the structures that are thought to be inside in order to run the Rietveld method [322].
In this context, TEM appears as an alternative and complementary characterization tool that can
give very useful insights about these kind of samples.

TEM has been used to visualize the morphology, twinning and crystalline structures since the initial
studies on cement [323]. In particular, electron diffraction was frequently used to identify superstruc-
ture reflections and suggest different hypothetical structures that were subsequently fit in powder or
single-crystal X-ray patterns [307, 321, 324]. However, electron diffraction analyses were restricted
to pure geometric descriptions and its potential for further crystallographic investigations was left
apart due to the lack of the necessary tools.

At this point, the full development of the 3D ED technique together with the systematic acquisition by
the Fast-ADT routine is presented here as a new reliable way to study the different crystalline phases
of clinkers. Such approach allows to accurately identify crystallographic features from individual
crystals inside these mixtures that may be difficult to observe and properly analyse in XRPD, thus
increasing the reliability of the models that can be later used in the quantification of powder patterns.

7.2.2 Sample Preparation & Data Acquisition
Three different clinker samples were obtained from the Schwenk Zement KG plant in Bernburg,
Germany. They were differentiated by the amount of sewage that was ejected from the burner pipe
inside the rotary kiln (a cylindrical oven that is slowly rotating and it is tilted between 1◦ and 4◦ from
the horizontal ground where the clinker is produced); 0, 2.5 and 5 tonnes per hour, referred in this
work as “clinker_0”, “clinker_2.5” and “clinker_5”, respectively. In all cases, the final amount of
sewage used during their production was the same since the amount that was not shot from the pipe
was introduced at the input mixture of the kiln. The ground clinkers were then chemically treated
by BASF Construction Solutions GmbH to dissolve the aluminates and ferrites in order to easily
identify the calcium silicate phases. The resulting powders were dispersed in ethanol and sprayed
on TEM carbon-coated copper grids with a UIS250v Hielscher sonifier. Cu grids were cleaned with
argon plasma during one minute before and after the powder was sprayed on them in order to elim-
inate remaining organic compounds and minimize carbon contamination during TEM measurements.

The prepared copper grid samples were loaded on a FEI single-tilt holder as well as a Fischione
tomography holder and inserted in a FEI Tecnai F30 FEG operated at 300 kV. The microscope was
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aligned in STEM mode with the Microprobe illumination. The same data acquisition procedure was
carried out for all samples: initial EDS measurements to identify particles with calcium and silicon
followed by a 3D ED acquisition by means of the Fast-ADT routine. Spot size 6, gun lens 1 and a
50-µm CA were used to acquire the EDS spectra with a EDAX EDAM III detector. Spot size 6,
gun lens 8 and a 10-µm CA were selected to set a quasi-parallel beam between 150 and 200 nm of
diameter in order to check the particles crystallinity and acquire the diffraction data. STEM images
were acquired with a Fischione HAADF detector mounted at the side port of the TEM column and
diffraction patterns were collected with a Gatan US4000 with binning 2 and different exposure times.
Five crystals were investigated in “clinker_0”, six in “clinker_2.5” and three in “clinker_5” from
which 3D ED datasets with and without 1◦ of precession angle were acquired for each particle.

7.2.3 Data Analysis
EDS spectra allowed a direct identification of the calcium silicate phases, and the quantification of
the Ca/Si ratio was accurate enough to distinguish between alite and belite crystal phases. Table
7.2.1 exemplarily shows the EDS spectra quantification for the “clinker_0” sample from which four
crystals correspond to belite and one crystal to alite. Aluminium and magnesium were included in
the quantification because they are sometimes incorporated in the structures as dopants.

Crystal 1 Crystal 2 Crystal 3 Crystal 4 Crystal 5

O 60.0 55.8 58.0 55.2 49.9
Mg 2.0 1.6 0 0 0
Al 2.2 1.8 0 0 0
Si 11.1 13.6 15.2 13.8 12.3
Ca 24.6 27.2 26.8 31.0 37.8
Ca/Si 2.2 2.0 1.8 2.2 3.1

Table 7.2.1: EDS spectra quantification in atomic % for the “clinker_0” measured particles. The K edge
was used for the quantification of all elements.

Since this work was focused on the polymorphs of belite (C2S), 3D ED datasets were analysed from
crystals that have Ca/Si ratio ∼ 2 in the EDS quantification. In this way, three, one and two β-
C2S were identified in “clinker_0”, “clinker_2.5” and “clinker_5”, respectively, and one α′H-C2S was
found in each sample. Their unit cells were determined from the nine non-precessed datasets in the
eADT program, which are shown in Table 7.2.2. Here, the unit cell parameters were scale-corrected
by the averaged factor obtained from the parameters of the best quality β-C2S dataset and the
values reported by Jost et al. [312]. The β polymorph was used for this scaling because it is bet-
ter understood than the α′H phase. One scale factor was retrieved and applied for each clinker sample.

The ODS reconstruction on the β-C2S datasets revealed that all measured specimens contained at
least one crystal with a typical twin along the [100] direction of the monoclinic cell. This means
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that crystalline domains are grown together but they are crystallographically differentiated by a
two-fold rotation around the a-axis. Figure 7.2.1 shows a STEM-HAADF image of one of the mea-
sured twinned crystals and the projections along the b∗-axis of the three ODS reconstructions. The
diffraction contrast in the STEM image enables the direct visualization of the twin boundaries, and
two monoclinic unit cells with the same unit cell parameters but differently oriented are needed to
index all reflections.

a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦)
“clinker_0”

Crystal 1 (β) 5.537 6.717 9.278 90.4 94.3 90.3

Crystal 2 (β) 5.525 6.750 9.274 89.6 94.1 90.3

Crystal 3 (β)* 5.497 6.780 9.246 90.3 94.3 90.0

Crystal 4 (α′H) 5.496 6.776 9.252 89.9 89.9 89.5
“clinker_2.5”

Crystal 1 (β)* 5.544 6.690 9.306 90.0 94.2 89.5

Crystal 2 (α′H) 5.514 6.765 9.250 90.5 89.5 89.8
“clinker_5”

Crystal 1 (β)* 5.538 6.783 9.279 89.9 94.6 90.8

Crystal 2 (β) 5.478 6.751 9.334 89.6 94.2 90.2

Crystal 3 (α′H) 5.444 6.775 9.348 90.4 90.3 89.8
Literature

β-C2S [312] 5.502 6.745 9.297 90.0 94.59 90.0

α′H-C2S [317] 5.519 6.767 9.303 90.0 90.0 90.0

Table 7.2.2: The determined unit cells from eADT for all measured belite crystals in the different clinker
samples and the literature unit cells.
* twinned crystal from which one of the unit cells is reported.

Reflection intensity integration and extraction of the β-C2S datasets was carried out with eADT. In
the case of twinned crystals, two separate hkl files were obtained for each unit cell. The observation
of the reflection condition h + l = 2n in the h0l section of the reconstructed ODS for all of the
diffraction datasets pointed to the already reported P121/n1 space group [312]. Structure solution
via DM and a kinematical refinement performed with Sir2014 provided in all cases the reported crys-
tal structure (see Appendix for the different quality parameters of the solutions). Interestingly, since
the twinned crystal datasets have low reflection overlapping, which is mainly seen at low diffraction
data resolutions, both hkl files in the three cases result in successful structure determination without
significant structural differences between them.
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Figure 7.2.1: A) STEM-HAADF image of the twinned β-C2S crystal in “clinker_0”. The red-circle marks
the region illuminated by the electron beam for the acquisition of the diffraction datasets. B), C) and D)
are projections of the reconstructed ODS along the b∗-axis acquired from the twinned β-C2S crystals of
“clinker_0”, “clinker_2.5” and “clinker_5”, respectively. The red and blue overlapped rhomboids represent
the projected monoclinic unit cells for the two differently oriented cells, and the dashed lines are displayed
to show which reflections belong to the different twins.

In the case of α′H-C2S datasets, the ODS reconstructions revealed extra reflections that do not fit
to the reported α′L superstructure or α′H structure. These extra reflections are located along the
b∗-axis of the Pmnb setting at ± 0.3725, ± 0.3795 and ± 0.3563 of ~b∗ for “clinker_0”, “clinker_2.5”
and “clinker_5”, respectively. The values tend to approach an irrational number, thus big supercells
would be required in order to have lattices that fit well all observed reflections, yet the number of
structural parameters would be really large and the description would not be accurate. Such features
were initially reported in 1982 by Jelenić et al [321], who identified extra reflections at ∼ 3/8 and
∼ 5/8 from the main ones. However, no further structural investigations were undertaken. If these
reflections are momentarily ignored, the systematic absences in the h0l and hk0 ODS sections confirm
the Pmnb space group, and the retrieved structure solutions via DM from Sir2014 correspond to the
crystal structure reported by Mumme et al. [317] (see Appendix for the different quality parameters
of the solutions). Nevertheless, the satellite reflections are not weak as it is shown in Figure 7.2.2, and
they cannot be ignored for a proper crystal structure determination. For this reason, the procedure
to determine the crystalline phase has to include the significant incommensurate characteristic of the
acquired diffraction patterns.



184 CHAPTER 7. THE MODULATED STRUCTURE OF BELITE

Figure 7.2.2: A) Precessed diffraction pattern along [102̄] from the α′H -C2S crystal of “clinker_0” that
shows strong extra reflections, and B) an intensity histogram of (2̄h1̄) that corresponds to the blue region
marked in A).
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7.3 The Crystal Structure of Belite α′H
One diffraction dataset of the α′H polymorph was acquired for each clinker sample and satellite re-
flections were identified in all of them. However, the “clinker_5” data exhibits textured reflections
as well as strong background intensity that decrease the quality of the reflection intensities. For this
reason, this dataset has been excluded from the following crystallographic analysis.

The Pmnb setting was used in previous sections in order to easily visualize the phase transitions
between the glaserite-type structures of belite. Here the orientation matrix of the standard Pnma
setting is chosen, and the modulation wavevector becomes 0.3725~a∗ and 0.3795~a∗ for “clinker_0”
and “clinker_2.5”, respectively.

7.3.1 Determination of the Average Structure
First of all, the structure analysis of α′H-C2S is carried out by ignoring the satellite reflections. 0kl,
h0l and hk0 sections displayed in Figure 7.3.1 show the reflection conditions related to the extinction
symbol Pn-a, i.e. the n-glide plane perpendicular to the a-axis that produces the k + l = 2n condition
in the 0kl section, and the a-glide plane perpendicular to the c-axis related to the h = 2n condition
in the hk0 section. The resulting extinction symbol points toward the Pn21a and Pnma space groups
as possible candidates for the atomic ordering of the crystal.

Figure 7.3.1: 0kl, h0l and hk0 sections of the reconstructed ODS from “clinker_0” (upper figures) and
“clinker_2.5” (lower figures) obtained from eADT. The red rectangles correspond to the projected unit cell
along the different directions of the ODS sections. The blue circles and dashed lines mark the positions of
the systematic extinctions according to the Pnma space group.
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The reported crystal structures of α′H-C2S are always in the Pnma space group [313, 316, 317]. These
models place the calcium and two oxygen positions on the mirror plane or slightly shifted from it and
half occupied to compensate the creation of the symmetrically-related atom at the other side of the
plane. For this reason, a structure solution with the Pn21a space group is a reasonable assumption
because it allows these atoms to sit at any specific position along the b-axis without the limitation
of the mirror symmetry. In this way, structure solutions were obtained from DM and the retrieved
models were refined by three cycles of the least-squares refinement routine in Sir2014.

“clinker_0” “clinker_2.5”
Kinematical Dynamical Kinematical Dynamical

Completeness (%) 72.9 85.3

Rint (%) 13.5 11.6

Reflections at 0.7 Å (#) 415/436 1710/2440 451/498 1489/1996

Refl./Param. (-) 16.0 12.5 17.3 10.4

GoF (-) 15.1/14.7 2.03/1.77 13.6/12.9 2.37/2.09

R (%) 20.5/20.8 5.57/ 7.87 19.1/20.0 5.50/7.08

Rw (%) 25.1/25.1 5.62/5.85 22.6/22.6 6.07/6.23

Table 7.3.1: Resulting figures of merit from the structure refinements in space group Pnma from Jana2006.
Reflections, GoF , R and Rw parameters are calculated and reported from observed and all (obs/all) reflec-
tions. The criterion for observed (obs) reflections was I(~g) > 3σ(~g). The “Refl./Param.” parameter refers
to the number of observed reflections over the number of refined parameters. R and Rw are based on the
square root of reflection intensities. Dynamical refinements were carried out with Nor of 128, gmax of 1.6
Å−1, Smaxg (matrix) of 0.01 Å−1 , Smaxg (refine) of 0.1 Å−1 and RSg of 0.4.

The resulting models from DM provided less distorted silicon tetrahedra for the Pnma solutions
than the Pn21a ones. While silicon to oxygen distances are ranged between 1.54 Å and 1.61 Å in
the Pnma structure, the range is increased up to 1.42 Å and 1.87 Å for the Pn21a case. Kinematical
refinements were carried out in Jana2006 to check if the distortions observed in the Pn21a model
are minimized by the least-squares procedure, but the geometrical distortions in the tetrahedra were
highly increased and these structure models were disregarded from further crystal refinement. On
the other side, the structure models with the Pnma space group provided good tetrahedra geometry
and Si-O distances ranged between 1.57 and 1.69 Å. The difference Fourier maps in the first refine-
ment executions showed extra potentials around the oxygen positions placed on the mirror plane (4c
Wyckoff position), thus they were moved out of the symmetry-limited position and the occupancy
factor was set to 0.5. Extra spherical potential was also observed close to the oxygen at the 8d
Wyckoff site in both datasets that indicated their splitting. In this case, an extra oxygen was added
and the occupancy factors were set to 0.5 for each atom of the pair. During the refinement, the DPs
were restricted to be the same for both oxygens and their total occupancy was restricted to 1, while
the occupancy and DPs of one of them were refined. Table 7.3.1 shows the figures of merit for these
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kinematical refinements in which the displacement parameters turn out positive and low, and the
least-squares procedure converged.

The structure models obtained from the kinematical refinements were then used for dynamical re-
finements in order to anisotropically refine the DPs and obtain a more accurate description of the
crystal. The obtained R(obs) values of 5.57% and 5.50% for “clinker_0” and “clinker_2.5” datasets,
respectively, demonstrate the reliability of the retrieved structure model. Table 7.3.2 shows the re-
fined structural parameters for the atoms in the asymmetric unit from both diffraction datasets.

“clinker_0”

x/a y/b z/c Occup. (-) Beq (Å2)

Ca1 0.16658(12) 0.75 0.42940(20) 0.5 1.98(5)

Ca2 0.50920(11) 0.75 0.70437(19) 0.5 1.27(4)

Si 0.28069(16) 0.25 0.58720(31) 0.5 1.24(6)

O1 0.74790(61) 0.47970(60) 0.80140(74) 0.621(6) 2.0(4)

O1_2 0.67810(88) 0.48970(11) 0.85630(14) 0.379(0) 2.0(0)

O2 0.49270(32) 0.81220(47) 0.45000(66) 0.5 1.9(2)

O3 0.15740(34) 0.32190(45) 0.43780(66) 0.5 2.4(2)

“clinker_2.5”

x/a y/b z/c Occup. (-) Beq (Å2)

Ca1 0.16774(15) 0.75 0.42906(13) 0.5 2.02(4)

Ca2 0.50905(13) 0.75 0.70488(13) 0.5 1.36(3)

Si 0.28113(18) 0.25 0.58717(17) 0.5 1.34(5)

O1 0.74695(66) 0.47940(81) 0.80502(54) 0.647(7) 2.5(1)

O1_2 0.6761(13) 0.4871(16) 0.8553(12) 0.353(0) 2.5(0)

O2 0.49458(48) 0.7701(38) 0.45091(44) 0.5 7.5(2)

O3 0.15785(41) 0.31835(89) 0.43887(39) 0.5 2.5(2)

Table 7.3.2: Structural parameters of α′H -C2S after the dynamical refinements from the two diffraction
datasets. Unit cell parameters obtained from eADT and scaled according to the scale factors of β-C2S
datasets were used for the refinements. The values in parentheses for the different parameters are the
estimated standard deviations. Beq is calculated from the anisotropic DPs as Beq = 1/3

∑∑
Bija

∗
i a
∗
j~ai~aj .
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The refinement of the α′H-C2S model from the “clinker_0” sample results in positive principal com-
ponents of the anisotropic DP tensors and the equivalent isotropic DPs range between 1.2 and 2.4
Å2, which indicates a reliable positioning of the atoms. The visualization of atom volumes scaled
according to the anisotropic DPs in Figure 7.3.2A shows that split oxygens near the mirror planes
(placed at y = 0.25 and y = 0.75) have a displacement along the b-axis, and the remaining pair of
split oxygens tend to move to each other while the oxygen to silicon distance is maintained. Calcium
atoms also display a movement parallel to the b-axis, although less severe, and silicon atoms do
not exhibit such significant anisotropic displacement. Interestingly, O1 has a higher occupation fac-
tor than its split pair O1_2, which points towards a preference movement positioning across the cells.

The dynamical refined “clinker_2.5” model also results in positive principal DPs components, but
O3 exhibits a significantly higher component along the b-axis (see Figure 7.3.2B). The small distance
between these split oxygens in comparison to the crystal structure of “clinker_0” indicates that the
DPs and the pair distance along the y component are correlated, yet the least squares procedure
estimates these values to minimize the R value. Furthermore, the dataset does not cover either b and
c axes (see Figure 7.3.1) and, as a consequence, the resulting electrostatic potential is spread along
these directions. Therefore, the high DP could be explained as an effect of the symmetry-constrained
position, missing ODS information and the use of an average structure to describe the modulation.
In the case of O2, the pair distance is higher and the resulting DP through the b-axis direction is
not that strong. The left oxygen pair as well as the calcium positions show the same behaviour as
the “clinker_0” model, but silicon has a slightly higher displacement along the b-axis. The higher
occupation factor for O1 in comparison to O1_2 also suggests the preferred positioning of this oxygen
seen in the “clinker_0” structure.

Figure 7.3.2: Projections of the averaged structure model of α′H -C2S after the dynamical refinements from
A) “clinker_0” and B) “clinker_2.5” datasets. Blue/purple atoms correspond to calcium, orange ones to
silicon and red ones to oxygen. Atom volumes are scaled according to the principal components of the
anisotropic DPs.

The very similar refined crystal structures determined from these two different diffraction datasets
illustrate that the structure model is reliable and it can be used to analyse clinker mixtures man-
ufactured at different conditions (see Appendix for the Cif files of the two average structures).
Nevertheless, the significant anisotropic behaviour of the found DPs indicates that a strong struc-
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tural modulation is present in the crystalline material, which at the same time is observed in the
strong satellite reflections. For this reason, the shown models can only be considered as the average
structure and the incommensurate characteristic of the diffraction data needs to be taken into ac-
count for a proper crystal structure description.

7.3.2 Characterization & Refinement of the Modulated Structure
The hk0 sections in Figures 7.3.1C and 7.3.1F as well as the projections of the reconstructed ODS in
Figure 7.3.3 show that satellite reflections cannot be ignored because of their strong intensity, thus
the superspace formalism has to be used for a correct crystal structure characterization.

Figure 7.3.3: Projections along b∗ and c∗ axes of the reconstructed ODS for “clinker_0” (upper figures)
and “clinker_2.5” (lower figures), respectively. The red rectangle in all figures represents the projected
average unit cell along the corresponding axis.

The indexing of all reflections in the reconstructed ODS requires the expansion of the 3D space to a
3+d superspace. In the presented case, a 4D superspace has to be used since there is only one modu-
lation wavevector along the a∗-axis, ~q = 0.3725~a∗ for “clinker_0” and ~q = 0.3795~a∗ for “clinker_2.5”.
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First order satellites are clearly seen in both datasets but second order ones do not appear. In this
way, mmax is restricted to 1, which leads to an almost 100% indexing of all observed reflections.

The Pnma space group identified in the average structure is a good starting point because main re-
flections correctly follow its reflection conditions. The International Tables for Crystallography vol.
C [54] shows two possible superspace groups for the space group number 62; 62.1, Pnma(00γ)000,
and 62.2, Pnma(00γ)0s0. In the first one, the superspace symmetry operations do not have any
glide components along the additional dimension, while the second one applies a 1/2 translation
along the fourth superspace coordinate for the mirror plane perpendicular to ~b. Although not listed,
Pnma(00γ)s00 and Pnma(00γ)ss0 are also possible and they have to be considered. If these su-
perspace groups are taken into account with the modulation vector along the a∗-axis, the following
superspace groups with their related reflection conditions are identified and shown in Table 7.3.3.
Such conditions can now be evaluated in the ODS sections shown previously in Figure 7.3.1 but using
the four hklm indices.

Superspace group Reflection conditions

Pnma(α00)000 hk0m: h = 2n, 0kl0: k + l = 2n
h00m: h = 2n, 0k00: k = 2n, 00l0: l = 2n

Pnma(α00)0s0 hk0m: h = 2n, h0lm: m = 2n, 0kl0: k + l = 2n

h00m: h + m = 2n, 0k00: k = 2n, 00l0: l = 2n

Pnma(α00)00s hk0m: h + m = 2n, 0kl0: k + l = 2n

h00m: h + m = 2n, 0k00: k = 2n, 00l0: l = 2n

Pnma(α00)0ss hk0m: h + m = 2n, h0lm: m = 2n, 0kl0: k + l = 2n

h00m: h + m = 2n, 0k00: k = 2n, 00l0: l = 2n

Table 7.3.3: Superspace groups compatible with the Pnma space group and one modulation wavevector
along the a∗-axis. Reflection conditions obtained from Jana2006.

The h0lm sections of Figure 7.3.1B and Figure 7.3.1D clearly show that no satellite reflections are
visible, therefore the h0lm: m = 2n is fulfilled because the fourth index m is limited to ± 1 and
should be observable in this plane. The hk0m sections displayed in Figure 7.3.4 show that the h =
2n condition for the main reflections of the sub-plane hk0 is fulfilled, i.e. there are no significant
reflections along the blue dashed lines. This indicates the presence of the a-glide plane perpendicular
to the c-axis. However, satellite reflections are observed in this case and almost all of them appear
around the reflections in the hk00 rows with h = 2n + 1, which are marked by red dashed arrows
in Figure 7.3.4. Some weak reflections violate these conditions but this is most probably a result
of dynamical effects. When taking into account these two reflection conditions, the h + m = 2n
condition is obtained for the hk0m plane. From the symmetry point of view, a 1/2 translation along
the fourth superspace coordinate for the a-glide plane perpendicular to ~c has to be added to the
1/2 translation for the mirror plane perpendicular to ~b identified in the h0lm plane. Therefore, the
superspace group for the incommensurately modulated structure of α′H-C2S is Pnma(α00)0ss.
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Figure 7.3.4: hk0m sections from the ODS reconstructions of A) “clinker_0” and B) “clinker_2.5” diffrac-
tion datasets. Red and blue dashed lines correspond to hk00 rows with even and odd h indices, respectively.
Red dashed arrows point to the visible satellite reflections from their closest main reflection.

Figure 7.3.5: (xs,2,xs,4) de Wolff sections of O2 and O3 domains from A)-B) “clinker_0” and C)-D)
“clinker_2.5”. Vertical axis corresponds to xs,4 (t = [0, 2]) and horizontal axis to xs,2. Red lines correspond
to the dynamical refined crenel functions assigned to the atomic domains.

At this point, main and satellite reflection intensities were integrated and extracted from PETS2,
and the obtained hklm files were imported to Jana2006. First, the CFA implemented in SUPER-
FLIP [243] was used to obtain structure models that directly contain a first order harmonic function
for each atomic domain, as the CFA is able to retrieve electrostatic potentials in a n-dimensional
space. One of the oxygens in the 4c position was missing in both diffraction datasets but they were
found by a Fourier synthesis. It is worth to note that the Fourier synthesis also takes into account
the 4D space, thus the suggested domains and their related averaged positions include modulation
parameters as well. Both initial structure models were retrieved with two of the oxygens placed in 4c
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positions. After all atomic positions were found, a first kinematical refinement was done with uncon-
strained modulation parameters but fixed isotropic DPs. The inspection of the (xs,1,xs,4), (xs,2,xs,4)
and (xs,3,xs,4) de Wolff sections for all atoms revealed that a harmonic function fits well for calcium,
silicon and the oxygen on the 8d site, yet the oxygens on the mirror plane exhibit discontinuous
trends at the (xs,2,xs,4) de Wolff section. This suggests that the displacive modulation of O2 and
O3 atomic domains could be better described by crenel functions. In this way, the xs,2 and xs,4
coordinates of the maximum peaks in the (xs,2,xs,4) de Wolff sections for O2 and O3 were used to
place these atomic domains out of the mirror plane (shift along the b-axis and occupancy set to
1), and assign crenel functions with x0

s,4 parameters initially set to the found xs,4 coordinates for
subsequent refinements and ∆ = 0.5. The symmetry of the superspace group ensures that there is no
discontinuity along ~as,4 for these atomic domains while they follow discontinuous functions. Figure
7.3.5 shows the (xs,2,xs,4) de Wolff sections of O2 and O3 for both diffraction datasets and Figure
7.3.6 at the end of this subsection shows all the other de Wolff plots.

“clinker_0” “clinker_2.5”
Main reflections

Reflections at 0.7 Å (#) 1726/2500 1848/2466

R (%) 7.10/9.54 7.63/9.28

Rw (%) 7.30/7.57 8.25/8.41
Satellite reflections

Reflections at 0.7 Å (#) 2007/4796 1228/4531

R (%) 19.9/27.9 15.9/31.2

Rw (%) 19.5/20.8 17.8/19.9
All reflections

Reflections at 0.7 Å (#) 3733/7296 3076/6997

Refl./Param. (-) 29.6 23.8

R (%) 12.3/18.2 9.64/16.9

Rw (%) 11.2/12.0 9.85/10.5

Table 7.3.4: Resulting figures of merit (obs/all) from the dynamical refinements in Jana2006. The criterion
for observed (obs) reflections was I(~g) > 3σ(~g). The “Refl./Param.” parameter refers to the number of
observed reflections over the number of refined parameters in the least-squares procedure. R and Rw are
based on the square root of reflection intensities. Nor of 128, gmax of 1.6 Å−1, Smaxg (matrix) of 0.01 Å−1 ,
Smaxg (refine) of 0.1 Å−1 were selected in both datasets, but RSg was set to 0.4 for “clinker_0” and 0.5 for
“clinker_2.5”.
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Once the modulation functions were clear, further least-squares refinements were performed. First,
the modulated model was refined with free modulation parameters (except ∆) and fixed isotropic
DPs. After convergence, modulation parameters were fixed and the isotropic DPs were refined, which
led to convergence and small and positive DPs. Finally, all structural parameters were refined and
the least-squares procedure converged with well fitted functions to the de Wolff sections as well as
physically meaningful isotropic DPs. These kinematical refined models were then used as input to
dynamical refinements [325]. The same refinement workflow as the kinematical case was followed
here, but the optimization of the orientation angles from all patterns according to the calculated dy-
namical reflection intensities was carried out prior to the last refinement execution with all structural
parameters free. Table 7.3.4 shows the resulting figures of merit from the dynamical refinements of
the two datasets, and tables 7.3.5 and 7.3.6 show the structural parameters for both refined incom-
mensurately modulated structures (see Appendix for the Cif files of the two modulated structures).
Low isotropic DPs, well fitted modulation functions as well as good R values considering main, satel-
lite or all reflections demonstrate the reliability of the determined crystal structure.

Ca1 Ca2 Si O1 O2 O3

x/a 0.16654(15) 0.50881(13) 0.28050(20) 0.72280(29) 0.49130(36) 0.15780(39)

y/b 0.75 0.75 0.25 0.48270(32) 0.81010(45) 0.32280(47)

z/c 0.42860(24) 0.70450(24) 0.58812(37) 0.82190(46) 0.45150(62) 0.43520(65)

Occup. 0.5 0.5 0.5 1.0 1.0 1.0

Biso (Å2) 1.03(3) 0.55(2) 0.79(3) 1.18(4) 1.53(6) 1.69(6)
Harmonic Function Parameters

A1(xsin) 0 0 0 -0.02638(50) - -

B1(xcos) 0 0 0 0.03824(48) - -

A2(ysin) -0.02368(32) -0.03250(26) -0.01781(42) -0.02070(49) - -

B2(ycos) 0.02811(30) -0.01538(32) -0.01703(43) 0.000491(48) - -

A3(zsin) 0 0 0 0.00964(76) - -

B3(zcos) 0 0 0 -0.03646(65) - -
Crenel Function Parameters

∆ - - - - 0.5 0.5
x0
s,4 - - - - 0.7150(22) 0.0025(18)

Table 7.3.5: Structural parameters of the incommensurately modulated model from the “clinker_0” diffrac-
tion dataset. Unit cell parameters obtained from eADT and scaled according to the scale factor of the β-C2S
datasets were used for the refinement. Values in parentheses for the different parameters are the estimated
standard deviations. The dynamical refinement was carried out with Nor of 128, gmax of 1.6 Å−1, Smaxg

(matrix) of 0.01 Å−1 , Smaxg (refine) of 0.1 Å−1 and RSg of 0.4.
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Ca1 Ca2 Si O1 O2 O3

x/a 0.16766(12) 0.50894(13) 0.28114(16) 0.72400(28) 0.49140(31) 0.15750(34)

y/b 0.75 0.75 0.25 0.48183(43) 0.80560(54) 0.31530(53)

z/c 0.42933(11) 0.70467(11) 0.58733(15) 0.82170(24) 0.45180(30) 0.44020(29)

Occup. 0.5 0.5 0.5 1.0 1.0 1.0

Biso (Å2) 1.33(2) 0.722(9) 0.80(3) 2.19(4) 2.13(5) 2.06(5)
Harmonic Function Parameters

A1(xsin) 0 0 0 0.02570(44) - -

B1(xcos) 0 0 0 -0.03327(40) - -

A2(ysin) -0.01738(37) 0.02735(30) 0.01406(49) 0.01938(63) - -

B2(ycos) -0.02311(33) -0.01049(36) 0.02090(48) -0.00247(64) - -

A3(zsin) 0 0 0 0.01061(39) - -

B3(zcos) 0 0 0 -0.02919(31) - -
Crenel Function Parameters

∆ - - - - 0.5 0.5
x0
s,4 - - - - 0.7772(24) 0.4957(20)

Table 7.3.6: Structural parameters of the incommensurately modulated model from the “clinker_2.5”
diffraction dataset. Unit cell parameters obtained from eADT and scaled according to the scale factor of
the β-C2S datasets were used for the refinement. Values in parentheses for the different parameters are the
estimated standard deviations. The dynamical refinement was carried out with Nor of 128, gmax of 1.6 Å−1,
Smaxg (matrix) of 0.01 Å−1 , Smaxg (refine) of 0.1 Å−1 and RSg of 0.5.
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Figure 7.3.6: De Wolff sections for Ca1, Ca2, Si and O1 that show modulation. The coloured lines
represent the harmonic functions obtained from the final dynamical refinement. Upper figures correspond
to “clinker_0” and lower ones to “clinker_2.5”.
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7.3.3 Crystal Structure Description
The reference crystal structure of α′H-C2S from Mumme et al. [317] shows that all atoms except
silicon are split into half-occupied positions. However, no satellite reflections are reported in this
publication, most likely because of the high population of reflections in the powder diffraction pattern.
The electron diffraction structure analysis carried out here demonstrates that the atomic position
splitting observed in powder diffraction comes from the intrinsic incommensurate modulation of the
crystal structure. In fact, the average structure retrieved by using the main reflections only coincides
with the X-ray model without the splitting of the calcium positions. It is worth to note as well that
the obtained unit cell parameters are very similar between the two datasets of electron diffraction,
but also to the X-ray structure, which indicates that this crystal structure can be reliably used for
phase quantifications in powder patterns of different cement samples (Mumme et al.: 6.7673 Å,
5.5191 Å & 9.3031 Å / “clinker_0”: 6.776 Å, 5.496 Å & 9.252 Å / “clinker_2.5”: 6.765 Å, 5.514 Å
& 9.250 Å).

Figure 7.3.7: Approximated superstructure with 9 × ~a, 2 × ~b and 2 × ~c the unit cell of the incommen-
surately modulated structure of “clinker_0”. Upper figure is the projection along the b-axis, and the lower
one is along ~c. Calcium atoms are omitted for the clarity of the modulated distortion and orientation of
Si-O tetrahedra. Dotted lines are displayed to show the position of the subcells.

Nevertheless, the strong intensities of the satellite reflections observed in both diffraction datasets, as
well as the high anisotropy of the DPs for the average structure, implies that the modulation cannot
be ignored for a proper crystal structure determination. The inspection of the reconstructed ODS
pointed to the superspace group Pnma(α00)0ss as the symmetry group that fits to the reflection
conditions. The subsequent structure solutions and least-squares refinements in Jana2006 showed
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that such superspace group allows to solve and refine the crystal structure by using harmonic and
crenel functions to describe the incommensurate modulation. Furthermore, the high DPs obtained
in the averaged models were not retrieved in the refined modulated structures.

The visualization and description of aperiodic crystals is not trivial because such crystals are repre-
sented in a (3+d)D space, yet they need to be illustrated back to the physical 3D space [326]. One
way is to build a superstructure with the unit cell of the aperiodic crystal as the subcell of the super-
cell. Figure 7.3.7 shows the superstructure along ~b and ~c for the “clinker_0” refined model (9 × ~a,
2 × ~b, 2 × ~c). Since the modulation wavevector is along the a∗-axis, the crystal structure preserves
the translational symmetry in the ~b - ~c plane, which means that the orientation and geometry of the
Si-O tetrahedra as well as the calcium positions can change while going through the x component
of the unit cell framework, but the atomic positions translated through the y and z components
are preserved. This can be seen in Figure 7.3.7 as the tetrahedron positions and geometries in the
subcell limited by the dotted lines is the same when shifted to the subcells along ~b or ~c, yet they
change along ~a. Another interesting characteristic of the approximated superstructure is that the
best supercell to fit all reflections can be identified by checking which subcell resembles most the
initial one. This coincides with the cell that corresponds to an integer period of the modulation
wavevector. In the case of α′H-C2S, this is fulfilled after 8 subcells and it is shown in Figure 7.3.7,
where the ninth subcell (labelled as 8) is the most comparable to the first one (labelled as 0).
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Figure 7.3.8: Distances between silicon and the four tetrahedra oxygens with respect to the modulation
phase t. A) corresponds to “clinker_0” and B) to “clinker_2.5”.

The projections of the superstructure in Figure 7.3.7 graphically show that the silicon-oxygen tetra-
hedra geometry and their orientation change through the a-axis as a consequence of the modulation
of their atoms. A better way to quantify these modulation characteristics is to plot the inter-atomic
distances with respect to the phase t of the modulation wavevector. Figure 7.3.8 shows the silicon
to oxygen plots for the “clinker_0” and “clinker_2.5” models. O3 presents the longer distance to
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Si, up to 1.721(6) Å and 1.663(3) Å for “clinker_0” and “clinker_2.5”, respectively. The harmonic
modulation of silicon and the discontinuous positioning of O2 and O3 result in a decrease of the Si-
O3 distance and an increase of the Si-O2 distance for every half period of the modulation function,
which tend to an average distance of 1.661(4) Å (“clinker_0”) and 1.627(3) Å (“clinker_2.5”) until
the oxygens jump to the mirror-related positions. O1 and its related-symmetry oxygen O1s7 that
completes the tetrahedra have silicon-oxygen curves that are almost in phase between them. This
indicates that the harmonic modulation of silicon is in phase to one of these oxygens, while the other
is out of phase due to the symmetry relation. Such particular displacement points towards a silicon
to oxygen distance that changes due to the higher displacement value of the oxygen with respect
to the silicon, but the direction of the silicon-oxygen movement is almost the same for one of the
oxygens and the other way around for the symmetry-related one.

The calcium coordination is complicated to illustrate through superstructure projections and inter-
atomic distance plots because of the high number of related oxygens. Nevertheless, careful inspection
of both refined structures shows that calcium has octahedral and dodecahedral coordination when
Ca-O distances between 2.2 Å and 3.2 Å are taken into account. The geometry of these coordination
environments changes through the a-axis and that is why the Ca-O distance for some oxygens is
increased to ∼ 3.2 Å in comparison to the ∼ 2.8 Å distance of the averaged structure.

Mumme et al. [317] Average Structure Modulated Structure
“clinker_0” “clinker_2.5” “clinker_0” “clinker_2.5”

Ca1 0.34770 - - 0.404(1) 0.320(1)

Ca2 0.24394 - - 0.396(1) 0.324(1)

Si - - - 0.272(1) 0.278(1)

O1 0.58797∗ 0.696(12)∗ 0.670(11)∗ 0.938(1) 0.81(1)

O2 0.63470 0.684(6) 0.22(5) 0.665(1) 0.617(1)

O3 0.76495 0.790(5) 0.754(10) 0.797(1) 0.723(1)

Table 7.3.7: Distances between split positions for the average structures and the total modulated displace-
ments for the modulated structures in Å. * corresponds to the O1-O1_2 distance.

The use of crenel functions for O2 and O3 confirms that the split and half-occupied atoms in the
average structure is a good approximation of the real nature of the crystal structure. However, the rest
of the atoms require harmonic functions to describe its intrinsic modulation, as shown in the de Wolff
sections of Figure 7.3.6. Table 7.3.7 reports the distances between split positions for the structure
reported by Mumme et al. [317], the average structures and the total modulated displacements for
the modulated structures. These values show that in general the total movement of the atoms in the
modulated crystal structure is bigger than the reported one on the average structures, especially for
O1. Furthermore, silicon also has a displacive modulation that is not directly detected in the average
approximations, although much weaker, but provides a better description of the crystal structure.
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Finally, it is worth to note that the values of “clinker_0” are higher than “clinker_2.5”, which
demonstrates that the modulation is stronger in the first dataset as observed in the also stronger
intensity of satellite reflections.
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7.4 Conclusions
During more than half a century the crystalline characterization of cement samples was hampered by
the difficulties on acquiring diffraction datasets from individual crystals of actual cement powders.
The development of the 3D ED technique as well as systematic acquisition methods in a TEM, like
the Fast-ADT routine, have proved in this work to be suitable for the identification and crystallo-
graphic analysis of individual particles in clinker powders.

The processing of the acquired diffraction datasets showed that the majority of the acquisitions
belonged to β-C2S, from which some of them contained the typical [100] twinning of monoclinic
crystals. The ODS reconstruction of the α′H polymorph datasets exhibited an incommensurately
modulated component along the a-axis that was previously reported but never properly character-
ized. The inspection of the reconstructed ODS indicated that the structure could be described in the
Pnma(α00)0ss superspace group and hklm files were extracted for structure determinations based
on the superspace formalism. The subsequent use of harmonic and crenel functions to describe the
modulation of all atoms in dynamical refinements resulted in good figures of merit as well as good
fitting of the functions in the de Wolff sections, which confirmed the proper crystal structure deter-
mination of the novel incommensurately modulated structure.

The fact that two different diffraction datasets from two different manufactured samples result in
such close refined structure models indicates that the crystalline description of α′H-C2S in this work
is generally valid for different processed cements. The Mumme et al. [317] and refined average
structures reported here show that these models do not highly deviate from the real crystalline nature
of the material and they can be used as good approximations. Nevertheless, the incommensurately
modulated structure provides a better model for this crystalline phase, which can be used in the phase
quantifications frequently carried out in XRPD patterns to enhance the reliability of the fitting by
the Rietveld method.



Chapter 8

Final Conclusions & Outlook

Scepticism may be painful, and may be
barren, but at least it is honest and an
outcome of the quest for truth.

The Scientific Outlook
Bertrand Russell

This doctoral thesis has been focused on the analysis, development and operation of the TEM as an
electron nano-diffractometer to solve crystallography problems. From a general point of view, it is
divided in two different parts: a first, technical, one that involves the alignment of a quasi-parallel
and precessed electron beam in STEM mode and the implementation of a novel technique called
Fast-ADT to acquire 3D ED datasets, and a second, analytical, one that applies the acquisition
method to different crystallographic studies as well as different materials.

After a general introduction in chapter 1 and a summary about the transmission electron micro-
scope, diffraction and crystallography concepts in chapter 2, chapter 3 describes different alignment
methods in order to set a quasi-parallel electron beam in STEM mode, with and without precession,
according to the condenser system configurations of commercial TEMs. These routines have been
introduced in the most general way to establish a universal set of instructions that enables the micro-
scope to acquire “spotty-like” diffraction patterns suitable for 3D ED acquisitions but also 4D-STEM
applications. The universality of the described alignments has been proved by the use of different
microscope setups; JEOL/FEI microscopes, acceleration voltages of 200/300 kV, LaB6/FEG elec-
tron sources, with/without aberration correctors and HRP/UHRP/S-Twin objective lenses. In this
context, the implementation of specific and flexible quasi-parallel default settings in STEM mode by
TEM manufacturers would benefit the crystallography community. In fact, the current four lenses
condenser system of new TEMs allows this flexible beam configuration. It would only require the
storage of specific lens and coil values with the probe corrector, if available, switched off or adjusted
not to interfere with the tuning of the small and low-convergent beam, which size is only limited by
the diffraction of the condenser aperture instead of the aberrations.

Chapter 4 is dedicated to the development of the Fast-ADT technique, which is introduced as a novel
acquisition method based on two consecutive tilt scans of the TEM goniometric stage; one to image
the crystal and generate a crystal tracking file, and a second one to acquire the diffraction patterns
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while the beam is automatically shifted to follow the crystal at the different tilt angles. The tech-
nique has been implemented in the Digital Micrograph environment in both operation modes of the
microscope (TEM or STEM) following the sequential or continuous tilt of the stage. Such flexibility
was aimed to develop an acquisition software that could be adapted to any microscope regardless of
the availability of the STEM mode and fit to the tilting capabilities of the stage. In this way, the
acquisition of 3D ED datasets can be extended to other, less specialized, labs that usually complain
about the lack of automatization of these data collections. The Fast-ADT acquisition method has
also been implemented in the Matlab environment while working in TEM mode in order to take
control of non-Gatan cameras and not restrict the technique to one commercial brand of TEM de-
tectors. The software bundle that includes the Fast-ADT and ADT modules is freely provided to
expand the use of 3D ED and tackle crystallography problems in the TEM (for further information
see: https://www.ak-kolb.chemistry.uni-mainz.de/publications/software/).

By using the developed Fast-ADT modules, chapter 5 provides a comparison of two types of CCD-
based detectors and their benefits for the crystal structure characterization of three already-known
materials. While the Allied Vision Stingray F-145B camera enables a faster acquisition, the Gatan
UltraScan 4000 provides better signal-to-noise ratio and higher sensitivity. The higher frame record-
ing rate of the F-145B detector also allows the feasible test of the continuous tilt approach with the
Fast-ADT technique in comparison to the US4000. The collected 3D ED datasets are shown to be
suitable to solve and refine crystal structures with similar accuracy as X-ray techniques, characterize
disorder features of crystals by the analysis of diffuse scattering, and reliably determine the absolute
structure of chiral materials. Therefore, it demonstrates the power of electron diffraction to answer
a variety of crystallographic questions.

Any data acquisition system can be used to collect diffraction data; yet, the key point is to previously
characterize the detector and process the data accordingly. In this work, it has been shown that the
F-145B data need to be treated carefully to obtain meaningful structure models, but requires al-
ternative methods or techniques to validate them. The main advantage of such external detectors
in comparison to slow TEM-designed cameras is that the observable diffraction space can be finely
sliced in a few minutes, which facilitates the analysis of disorder in crystals like RUB-5.

At this point, since more and more attention is brought to the use of a TEM as a diffractometer,
it is worth to list the needed requirements that a diffraction-dedicated microscope should have in
the same way as analytical or high-resolution TEMs are provided. The electron nano-diffractometer
would have the following specifications:

• A four-lens condenser system (3 condenser lenses and 1 condense minilens) to have the flexibility
to independently choose the probe size and convergence angle. The Köhler illumination based
on three lenses is not the most suitable situation because the beam size is determined by the
condenser aperture, and it mechanically limits the achievement of a diffraction-limited probe
for 4D-STEM applications as well as for the most challenging 3D ED acquisitions of nanometre-
sized areas.

• A Schottky FEG to produce small probes to obtain good lateral resolutions for 4D-STEM
applications.
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• An objective lens with a pole piece gap that is large enough to let the sample holder tilt as
much as possible but not as large as to produce a magnetic field that is only homogeneous at a
very small area, as this limits the scanning area of the beam free from tilt artefacts produced
by the lens aberrations.

• An integrated module of precession in the microscope interface in order to centralize all the
beam controlling features in one single platform.

• A HAADF detector at the entry-side port of the viewing chamber to generate rapid scanned
images of the sample, and a direct detection camera of 1024 × 1024 or 2048 × 2048 pixels,
with a small physical pixel size placed at the post-column position, to acquire patterns of high
diffraction data resolution without reflection overlapping from all kinds of materials. Here, the
couple of a CMOS-based TEM detector with the Fast-ADT technique would be advantageous
because of the lower acquisition times, less beam damage to beam sensitive materials and good
signal-to-noise ratio for reflection intensities.

• A well aligned and stable goniometric stage for tomographic applications to ensure that the
Fast-ADT routine could successfully acquire 3D ED datasets with beam sizes down to the
diffraction limit.

• Scripting capabilities for the full control of the microscope and detectors to facilitate the further
development of electron diffraction applications.

Such microscope setup is already available in most commercial TEMs (except for the direct detection
camera specifics), but the introduction of other electron-optics and mechanical systems in the micro-
scope complicates its use and default options for diffraction-based applications are not immediately
available.

After demonstrating the success of the Fast-ADT technique to handle different crystallographic stud-
ies from known materials, the last two chapters of this doctoral thesis are focused on two unknown
crystal structures; an organic dye and an inorganic industrial mineral.

The crystal structure determination of the DRED1 organic dye in chapter 6 demonstrates that current
TEM-designed CCDs can be used to obtain ab initio structure solutions of electron beam sensitive
materials of very low symmetry. The key step for this result has been the careful analysis and pro-
cess of the datasets to enhance the outcome of the structure solution algorithms. Furthermore, the
dynamical refinement on two DRED1 datasets has led to the visualization of some of the hydrogens
forming the H-bond network, which confirmed their positions based on previous geometrical con-
siderations and allowed their further refinement. Such outcome shows that the data processing of
electron diffraction is accurate enough to reliably localize even hydrogen atoms.

The investigation of clinker samples of chapter 7 presents the Fast-ADT routine as an efficient tool
to measure different crystal structures and identify features from individual crystals of commercially-
available phase mixtures of the industry. The successful structure determination and refinement of
the incommensurate modulated structure of the α′H polymorph of belite, one of the major compo-
nents of commercial cement, demonstrates the current potential of electron diffraction across different
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types of materials and crystallography problems. The crystal structures of powder constituents are
often so similar that production process monitoring using methods, like X-ray powder diffraction
or nuclear magnetic resonance, can only be applied with uncertainties, and the problem gets worse
when some of the phases have unclear structures. In this particular case, such electron diffraction
approach helps to better understand the crystalline nature of cement towards the CO2 reduction of
its manufacturing process, thus a real application of the Fast-ADT technique to tackle world prob-
lems.

As final remarks it is worth mentioning that after ∼ 1.3 terabytes of acquired and processed data
during the working time of this doctoral thesis, the Fast-ADT and ADT modules were successfully
implemented and applied to several materials. Apart from the crystals analysed and detailed in this
work, this acquisition software has been used to characterize iron oxide and fluorinated tungsten
oxide nanoparticles [276, 327], double perovskites [127, 328], the first oxynitride of tin [284], zeolites
and layer silicates, as well as more beam sensitive materials such as calcium carbonate hemihydrate
or calcium acetate hemihydrate [277, 329], organic pigments and pharmaceutical compounds, some
of which are not published yet. In this context, a novel technique for the collection of 3D ED datasets
has been developed to increase the range of reliable available tools for a proper characterization of
the atomic structure of new materials.
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Appendix

1. Barite

Anisotropic DPs of the barite structure models obtained from the US4000 datasets

Crystal 1
U11 U22 U33 U12 U13 U23

Ba1 0 .0108 (5 ) 0 . 0209 (4 ) 0 . 0154 (4 ) 0 −0.0005(3) 0
S1 0 .0067(12) 0 . 0112(12) 0 . 0113 (9 ) 0 0 . 0017 (8 ) 0
O1 0 . 019 (3 ) 0 . 039 (3 ) 0 . 027 (2 ) 0 0 . 0148(17) 0
O2 0 . 021 (2 ) 0 . 023 (2 ) 0 . 0108(16) 0 −0.0069(15) 0
O3 0 .0189(17) 0 . 0123(13 ) 0 . 0194(12) 0 . 0000(11 ) 0 . 0008(11) −0.0036(10)

Crystal 2
U11 U22 U33 U12 U13 U23

Ba1 0 .0115 (8 ) 0 . 0167 (3 ) 0 . 0125 (3 ) 0 0 . 0013 (4 ) 0
S1 0 . 006 (2 ) 0 . 0078 (8 ) 0 . 0086 (8 ) 0 0 .0017(10) 0
O1 0 . 030 (6 ) 0 . 027 (2 ) 0 . 032 (2 ) 0 −0.018(3) 0
O2 0 . 018 (4 ) 0 . 0190(15 ) 0 . 0134(15) 0 −0.0081(19) 0
O3 0 . 013 (3 ) 0 . 0131(10 ) 0 . 0148(10) −0.0034(13) −0.0003(12) −0.0020(7)

Crystal 3
U11 U22 U33 U12 U13 U23

Ba1 0 .0150(12) 0 . 0184 (6 ) 0 . 0170 (5 ) 0 −0.0003(6) 0
S1 0 . 012 (3 ) 0 . 0089(14) 0 . 0128(12) 0 0 .0032(15) 0
O1 0 . 038 (8 ) 0 . 025 (3 ) 0 . 034 (3 ) 0 0 . 013 (4 ) 0
O2 0 . 019 (6 ) 0 . 019 (2 ) 0 . 012 (2 ) 0 −0.004(3) 0
O3 0 . 016 (4 ) 0 . 0150(18 ) 0 . 0124(14) 0 . 0038(17 ) 0 . 0019(17) 0 . 0030(12 )

Anisotropic DPs of the barite structure models obtained from the Stingray F-145B and
full-background subtracted datasets

Crystal 1
U11 U22 U33 U12 U13 U23

Ba1 0 .0313 (7 ) 0 . 0517 (5 ) 0 . 0369 (5 ) 0 −0.0032(4) 0
S1 0 . 038 (2 ) 0 . 0246(11) 0 . 0415(14) 0 0 .0087(14) 0
O1 0 . 056 (5 ) 0 . 115 (4 ) 0 . 029 (3 ) 0 0 . 016 (2 ) 0
O2 0 . 041 (3 ) 0 . 0311(16 ) 0 . 016 (2 ) 0 −0.0186(15) 0
O3 0 . 063 (3 ) 0 . 0351(15 ) 0 . 0356(17) 0 . 0012(14 ) −0.0008(16) 0 . 0097(10 )
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Crystal 2
U11 U22 U33 U12 U13 U23

Ba1 0 .0334 (9 ) 0 . 0335 (4 ) 0 . 0267 (4 ) 0 0 . 0040 (4 ) 0
S1 0 . 017 (2 ) 0 . 0174 (8 ) 0 . 0249 (9 ) 0 0 .0000(10) 0
O1 0 . 029 (5 ) 0 . 063 (3 ) 0 . 033 (2 ) 0 −0.0150(19) 0
O2 0 . 037 (4 ) 0 . 0196(14 ) 0 . 0243(17) 0 −0.025(2) 0
O3 0 . 052 (3 ) 0 . 0231(11 ) 0 . 0327(12) −0.0031(15) −0.0056(15) −0.0050(8)

Crystal 3
U11 U22 U33 U12 U13 U23

Ba1 0 .0407(11) 0 . 0359 (4 ) 0 . 0335 (4 ) 0 −0.0029(5) 0
S1 0 . 028 (3 ) 0 . 0153 (9 ) 0 . 0256 (9 ) 0 0 .0080(11) 0
O1 0 . 057 (7 ) 0 . 061 (3 ) 0 . 047 (2 ) 0 0 . 002 (3 ) 0
O2 0 . 034 (4 ) 0 . 0297(16 ) 0 . 0167(15) 0 0 .0184(19) 0
O3 0 . 059 (4 ) 0 . 0235(12 ) 0 . 0364(11) −0.0017(13) −0.0015(16) 0 . 0062 (9 )

Anisotropic DPs of the barite structure models obtained from the Stingray F-145B and
mean-background subtracted datasets

Crystal 1
U11 U22 U33 U12 U13 U23

Ba1 −0.0015(5) 0 . 0074 (4 ) 0 . 0015 (3 ) 0 0 . 0020 (3 ) 0
O1 0 . 020 (4 ) 0 . 036 (3 ) 0 . 051 (4 ) 0 0 . 029 (3 ) 0
O2 0 . 036 (4 ) 0 . 026 (2 ) 0 . 016 (3 ) 0 0 . 001 (2 ) 0
O3 0 . 004 (2 ) 0 . 0059(12 ) 0 . 0027(15) −0.0008(11) −0.0032(11) −0.0003(10)

Crystal 2
U11 U22 U33 U12 U13 U23

Ba1 0 .0086 (7 ) 0 . 0044 (3 ) 0 . 0007 (3 ) 0 −0.0003(4) 0
O1 0 . 052 (7 ) 0 . 017 (2 ) 0 . 037 (3 ) 0 −0.002(3) 0
O2 0 . 003 (4 ) 0 . 0170(18 ) 0 . 021 (2 ) 0 −0.004(2) 0
O3 0 . 025 (3 ) 0 . 0050(11 ) 0 . 0026(10) −0.0002(14) 0 . 0091(13 ) 0 . 0008 (7 )

Crystal 3
U11 U22 U33 U12 U13 U23

Ba1 0 .0065 (8 ) 0 . 0016 (3 ) −0.0011(3) 0 0 . 0022 (4 ) 0
O1 −0.001(5) 0 . 037 (3 ) 0 . 013 (2 ) 0 0 . 005 (2 ) 0
O2 0 . 031 (6 ) 0 . 027 (2 ) 0 . 0073(19) 0 0 . 000 (2 ) 0
O3 0 . 014 (3 ) −0.0045(11) −0.0019(10) −0.0005(12) −0.0047(12) 0 . 0017 (8 )
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Comparison of the atomic positions obtained from the dynamical refined structures and
the model reported by Jacobsen et al. [21]

Atomic Position Differences (pm)
Ba S O1 O2 O3

US4000

Crystal 1 0.3(1) 0.8(3) 0.6(6) 0.9 (6) 1.3(5)

Crystal 2 0.2(2) 1.0(4) 2.9(9) 1.2(7) 1.6(6)

Crystal 3 0.6(2) 0.5(5) 2.3(11) 1.2(9) 2.0(7)

F-145B / Full-Bckg

Crystal 1 1.9(1) 4.3(4) 3.2(8) 4.3(5) 5.0(6)

Crystal 2 1.0(2) 1.5(3) 6.4(8) 1.9(6) 3.8(5)

Crystal 3 0.9(2) 3.2(4) 6.2(9) 3.3(6) 6.1(6)

US4000 / Mean-Bckg

Crystal 1 1.4(1) 1.7(3) 3.9(8) 6.9(8) 2.9(5)

Crystal 2 0.2(1) 3.6(3) 7.5(9) 5.4(7) 3.8(5)

Crystal 3 0.5(2) 3.6(4) 6.1(8) 7.4(8) 6.5(5)
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2. π-Ferrosilicide

CIF file of the structure model of the correct enantiomorph from the dynamical
refinement
_chemical_formula_sum ’Fe16 Si4 ’
_chemical_formula_weight 1005 .9
_symmetry_cell_setting cubic
_symmetry_space_group_name_H−M ’P 21 3 ’
_symmetry_space_group_name_Hall ’P 2ac ; 2 ab ; 3 ’
_symmetry_Int_Tables_number 198

loop_
_space_group_symop_id
_space_group_symop_operation_xyz
1 x , y , z
2 −x+1/2,−y , z+1/2
3 −x , y+1/2,−z+1/2
4 x+1/2,−y+1/2,−z
5 z , x , y
6 z+1/2,−x+1/2,−y
7 −z+1/2,−x , y+1/2
8 −z , x+1/2,−y+1/2
9 y , z , x
10 −y , z+1/2,−x+1/2
11 y+1/2,−z+1/2,−x
12 −y+1/2,−z , x+1/2

_cell_length_a 6.1669
_cell_length_b 6.1669
_cel l_length_c 6.1669
_cel l_angle_alpha 90
_cel l_angle_beta 90
_cell_angle_gamma 90
_cell_volume 234.5313
_cell_formula_units_Z 1
_expt l_crys ta l_dens i ty_di f f rn 7 .122

loop_
_atom_type_symbol
_atom_type_scat_source
Fe International_Tables_Vol_C
Si International_Tables_Vol_C

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_adp_type
_atom_site_U_iso_or_equiv
_atom_site_site_symmetry_multipl ic ity
_atom_site_occupancy
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Fe1 Fe 0 .43705(10) 0 .93705(10) 0 .56295(10) Uani 0 .00523(19) 4 0 . 891 (14 )
Fe1_s1 S i 0 .43705(10) 0 .93705(10) 0 .56295(10) Uani 0 .00523(19) 4 0 . 109 (14 )
Fe2 Fe 0 .45305(11) 1 .12660(12) 0 .20293(11) Uani 0 . 0178 (2 ) 12 1
Si1 S i 0 .68719(17) 0 .68719(17) 0 .68719(17) Uani 0 . 0087 (4 ) 4 0 . 913 (15 )
Si1_fe1 Fe 0 .68719(17) 0 .68719(17) 0 .68719(17) Uani 0 . 0087 (4 ) 4 0 . 087 (15 )

loop_
_atom_site_aniso_label
_atom_site_aniso_type_symbol
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_12
_atom_site_aniso_U_13
_atom_site_aniso_U_23
Fe1 Fe 0 . 0052 (3 ) 0 . 0052 (3 ) 0 . 0052 (3 ) 0 . 0001 (2 ) −0.0001(2) −0.0001(2)
Fe1_s1 S i 0 . 0052 (3 ) 0 . 0052 (3 ) 0 . 0052 (3 ) 0 . 0001 (2 ) −0.0001(2) −0.0001(2)
Fe2 Fe 0 . 0111 (4 ) 0 . 0298 (4 ) 0 . 0124 (4 ) −0.0061(3) −0.0027(3) 0 . 0085 (3 )
S i1 S i 0 . 0087 (7 ) 0 . 0087 (7 ) 0 . 0087 (7 ) 0 . 0006 (4 ) 0 . 0006 (4 ) 0 . 0006 (4 )
Si1_fe1 Fe 0 . 0087 (7 ) 0 . 0087 (7 ) 0 . 0087 (7 ) 0 . 0006 (4 ) 0 . 0006 (4 ) 0 . 0006 (4 )
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3. Disperse Red 1

Acquisition parameters, unit cell parameters from eADT and reflections information
from Sir2014 for the six acquired datasets

Room Temperature Liquid N2 Temperature
Ref. Crystal Number: 1 2 3 4 5 6

Tilt Range (◦) -60/60 -60/60 -60/60 -60/60 -60/60 -50/50

Acq. Patterns (#) 121 121 121 121 121 101

CCD Exposure Time (s) 2 4 4 4 4 4

a (Å) 7.93(1) 7.87(1) 7.98(1) 7.79(1) 7.74(1) 7.71(1)

b (Å) 11.26(3) 11.31(3) 11.30(3) 11.13(3) 11.07(3) 11.15(3)

c (Å) 19.67(9) 19.72(9) 19.86(9) 19.97(9) 19.71(9) 19.53(9)

α (◦) 73.6(4) 74.6(4) 72.4(4) 74.3(4) 74.5(4) 74.7(4)

β (◦) 84.5(5) 83.9(5) 84.6(5) 82.2(5) 82.9(5) 84.4(5)

γ (◦) 70.1(4) 69.7(4) 69.7(4) 71.3(4) 71.0(4) 70.8(4)

Ω (Å3) 1584(20) 1587(20) 1600(20) 1577(20) 1538(20) 1529(20)

Num. of Reflections (#) 10743 10284 5979 10203 9978 6221

Ind. Refl. at 0.8 Å (#) 4195 4150 3508 4180 4139 3090

Completeness (%) 67.4 66.7 56.4 67.1 66.5 49.6

Rint (%) 21.6 18.6 17.5 20.0 22.3 12.9

All datasets were acquired with 1 m of camera length except crystal 3 where 1.2 m was used. Rint is based
on structure factors. The used diffraction data resolution filters the number of reflections that are used for
the subsequent parameters of the table. “Ref.” stands for reference and “Refl.” for reflections. All datasets
include the a and b axes but only the data from crystal 3 covers the c-axis as well.
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Projections of the ODS reconstructions along the main axes obtained from eADT

Upper figures correspond to crystal 3 at RT and lower figures to crystal 4 at LT. The red rhomboids are
projections of the unit cell.
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Comparison of the experimental XRPD pattern with the simulated patterns according
to the best structure solutions of simulated annealing and direct methods from Sir2014

XRPD
Sim.	DM
Sim.	SA

Diffraction patterns simulated with Mercury [330].
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Averaged rocking-curves of the strongest reflections at different diffraction data resolu-
tions intervals fitted by the precession-dependent double-peaked profile from PETS2
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A) corresponds to crystal 3, B) to crystal 4, C) to crystal 5, and D) to crystal 6.
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Herringbone-like packing of the structure

Projection of the azobenzene groups of DRED1 approximately along the c-axis. End-groups are removed
for better visualization.

Projections of the crystal structure from the dynamical refined model reported in this
work and the one reported by Lacroix et al. [289]

Pink atoms correspond to hydrogen, black ones to carbon, blue ones to nitrogen and red ones to oxygen.
The dashed blue lines represent the hydrogen bonds. Only the molecules that are related to the shown
network are displayed for better visualization.
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CIF file of the structure model from the Rietveld refinement
_chemical_formula_sum ’C64 H72 N16 O12 ’
_chemical_formula_weight 1257 .4
_symmetry_cell_setting t r i c l i n i c
_symmetry_space_group_name_H−M ’P −1 ’
_symmetry_space_group_name_Hall ’−P 1 ’
_symmetry_Int_Tables_number 2

loop_
_space_group_symop_id
_space_group_symop_operation_xyz
1 x , y , z
2 −x,−y,−z

_cel l_length_a 7 . 7 2 1 7 ( 2 )
_cell_length_b 11 .1397(4 )
_cel l_length_c 19 .5753(8 )
_cel l_angle_alpha 7 3 . 8 0 0 ( 3 )
_cel l_angle_beta 8 3 . 0 4 0 ( 4 )
_cell_angle_gamma 70 .4982(13)
_cell_volume 1523 .47 (9 )
_cell_formula_units_Z 1
_expt l_crys ta l_dens i ty_di f f rn 1 .3705

loop_
_atom_type_symbol
_atom_type_scat_dispersion_real
_atom_type_scat_dispersion_imag
_atom_type_scat_source
C 0.0033 0 .0016
’ I n t e r n a t i o n a l Tables Vol C t a b l e s 4 . 2 . 6 . 8 and 6 . 1 . 1 . 1 ’

H 0.0000 0 .0000
’ I n t e r n a t i o n a l Tables Vol C t a b l e s 4 . 2 . 6 . 8 and 6 . 1 . 1 . 1 ’

N 0.0061 0 .0033
’ I n t e r n a t i o n a l Tables Vol C t a b l e s 4 . 2 . 6 . 8 and 6 . 1 . 1 . 1 ’

O 0.0106 0 .0060
’ I n t e r n a t i o n a l Tables Vol C t a b l e s 4 . 2 . 6 . 8 and 6 . 1 . 1 . 1 ’

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_adp_type
_atom_site_U_iso_or_equiv
C1a C 0 .2100(15 ) 1 . 1 0 9 0 ( 8 ) 0 . 3 4 7 7 ( 3 ) Uiso 0 .0146
C2a C 0 .0849(14 ) 1 . 1 9 8 4 ( 8 ) 0 . 3 8 3 8 ( 3 ) Uiso 0 .0146
C3a C 0 .0751(12 ) 1 . 1 5 7 8 ( 8 ) 0 . 4 6 0 7 ( 3 ) Uiso 0 .0146
C4a C 0 .1991(11 ) 1 . 0 4 4 0 ( 7 ) 0 . 4 9 6 7 ( 3 ) Uiso 0 .0146
C5a C 0 .3251(12 ) 0 . 9 5 6 3 ( 7 ) 0 . 4 6 0 8 ( 3 ) Uiso 0 .0146
C6a C 0 .3185(14 ) 0 . 9 8 6 5 ( 8 ) 0 . 3 8 5 8 ( 3 ) Uiso 0 .0146
N1a N 0 . 1 8 6 8 ( 7 ) 1 . 0 1 8 9 ( 3 ) 0 . 5 7 2 8 ( 4 ) Uiso 0 .0172
N2a N 0 . 3 0 4 8 ( 7 ) 0 . 9 1 0 5 ( 5 ) 0 . 6 0 1 6 ( 4 ) Uiso 0 .0172
C7a C 0 .2948(10 ) 0 . 8 8 4 6 ( 7 ) 0 . 6 7 8 0 ( 3 ) Uiso 0 .0146
C8a C 0 .1623(12 ) 0 . 9 7 1 8 ( 8 ) 0 . 7 1 7 3 ( 3 ) Uiso 0 .0146
C9a C 0 .1550(13 ) 0 . 9 3 8 1 ( 8 ) 0 . 7 8 9 1 ( 3 ) Uiso 0 .0146
C10a C 0 .2756(13) 0 . 8 1 9 6 ( 9 ) 0 . 8 2 7 0 ( 3 ) Uiso 0 .0146
C11a C 0 .4138(12) 0 . 7 4 0 8 ( 8 ) 0 . 7 8 8 7 ( 3 ) Uiso 0 .0146
C12a C 0 .4175(12) 0 . 7 7 3 2 ( 8 ) 0 . 7 1 3 0 ( 3 ) Uiso 0 .0146
N3a N 0 .2061(18) 1 . 1 3 4 4 ( 8 ) 0 . 2 7 2 2 ( 4 ) Uiso 0 .0172
N4a N 0 .2849(10) 0 . 7 9 6 0 ( 8 ) 0 . 9 0 1 7 ( 3 ) Uiso 0 .0172
O1a O 0 .3052(15 ) 1 . 0 5 0 5 ( 9 ) 0 . 2 3 9 0 ( 5 ) Uiso 0 .024
O2a O 0 .1329(16 ) 1 . 2 5 1 2 ( 9 ) 0 . 2 3 6 8 ( 5 ) Uiso 0 .024
C13a C 0 . 1 4 7 8 ( 9 ) 0 . 8 6 7 4 ( 6 ) 0 . 9 4 1 9 ( 3 ) Uiso 0 .0146
C14a C −0.0286(9) 0 . 8 4 0 8 ( 5 ) 0 . 9 5 2 1 ( 3 ) Uiso 0 .0146
C15a C 0 . 4 2 3 4 ( 8 ) 0 . 6 8 8 1 ( 6 ) 0 . 9 3 9 2 ( 3 ) Uiso 0 .0146
C16a C 0 . 6 1 2 6 ( 7 ) 0 . 7 0 4 0 ( 5 ) 0 . 9 3 4 3 ( 3 ) Uiso 0 .0146
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O3a O 0 .7469(11 ) 0 . 5 8 8 5 ( 7 ) 0 . 9 6 2 1 ( 4 ) Uiso 0 .024
H1a H −0.002(3) 1 . 2 7 6 ( 2 ) 0 . 3578(12) Uiso 0 .0175
H2a H −0.008(4) 1 . 2 1 1 ( 3 ) 0 . 4884(15) Uiso 0 .0175
H3a H 0 . 4 1 0 ( 3 ) 0 . 8 7 9 ( 2 ) 0 . 4862(14) Uiso 0 .0175
H4a H 0 . 4 0 7 ( 4 ) 0 . 9 3 2 ( 2 ) 0 . 3589(12) Uiso 0 .0175
H5a H 0 . 0 7 4 ( 4 ) 1 . 0 5 1 ( 2 ) 0 . 6944(13) Uiso 0 .0175
H6a H 0 . 0 7 4 ( 4 ) 0 . 9 9 8 ( 2 ) 0 . 8129(12) Uiso 0 .0175
H7a H 0 . 4 9 8 ( 4 ) 0 . 6 6 3 ( 2 ) 0 . 8147(12) Uiso 0 .0175
H8a H 0 . 5 0 2 ( 4 ) 0 . 7 1 7 ( 2 ) 0 . 6859(13) Uiso 0 .0175
H9a H 0 . 8 1 0 ( 3 ) 0 . 5 8 2 ( 2 ) 1 . 0075(15) Uiso 0 .0175
H10a H −0.101(3) 0 . 8 7 7 ( 2 ) 0 . 9085(12) Uiso 0 .0175
H11a H −0.008(4) 0 . 7 4 3 ( 2 ) 0 . 9699(17) Uiso 0 .0175
H12a H −0.093(4) 0 . 8 8 4 ( 2 ) 0 . 9892(14) Uiso 0 .0175
H13a H 0 . 1 8 9 ( 4 ) 0 . 8 4 7 ( 2 ) 0 . 9896(15 ) Uiso 0 .0175
H14a H 0 . 1 2 7 ( 4 ) 0 . 9 6 0 ( 2 ) 0 . 9203(13 ) Uiso 0 .0175
H15a H 0 . 3 8 3 ( 3 ) 0 . 6706(19) 0 . 9889(14) Uiso 0 .0175
H16a H 0 . 4 3 4 ( 4 ) 0 . 6 1 2 ( 2 ) 0 . 9213(13 ) Uiso 0 .0175
H17a H 0 . 6 4 5 ( 3 ) 0 . 7348(19) 0 . 8840(11) Uiso 0 .0175
H18a H 0 . 6 1 0 ( 3 ) 0 . 7 7 1 ( 2 ) 0 . 9600(16 ) Uiso 0 .0175
C1b C 0 .2005(14 ) 0 . 6 4 8 3 ( 7 ) 0 . 2 5 1 3 ( 3 ) Uiso 0 .0146
C2b C 0 .2233(14 ) 0 . 7 4 5 4 ( 6 ) 0 . 2 7 9 1 ( 3 ) Uiso 0 .0146
C3b C 0 .2344(12 ) 0 . 7 1 2 8 ( 6 ) 0 . 3 5 3 5 ( 3 ) Uiso 0 .0146
C4b C 0 .2312(11 ) 0 . 5 8 9 7 ( 6 ) 0 . 3 9 4 7 ( 3 ) Uiso 0 .0146
C5b C 0 .2063(12 ) 0 . 4 9 5 1 ( 6 ) 0 . 3 6 6 9 ( 3 ) Uiso 0 .0146
C6b C 0 .1924(13 ) 0 . 5 2 4 2 ( 6 ) 0 . 2 9 6 0 ( 3 ) Uiso 0 .0146
N1b N 0 . 2 5 0 2 ( 7 ) 0 . 5 6 3 5 ( 7 ) 0 . 4 6 9 3 ( 4 ) Uiso 0 .0172
N2b N 0 . 2 4 6 4 ( 5 ) 0 . 4 5 0 6 ( 7 ) 0 . 5 0 2 7 ( 4 ) Uiso 0 .0172
C7b C 0 .2682(11 ) 0 . 4 1 9 4 ( 6 ) 0 . 5 8 0 6 ( 3 ) Uiso 0 .0146
C8b C 0 .2906(12 ) 0 . 5 1 3 1 ( 6 ) 0 . 6 1 1 7 ( 3 ) Uiso 0 .0146
C9b C 0 .3041(13 ) 0 . 4 8 3 7 ( 6 ) 0 . 6 8 5 6 ( 3 ) Uiso 0 .0146
C10b C 0 .3025(14 ) 0 . 3 5 6 3 ( 6 ) 0 . 7 2 8 3 ( 3 ) Uiso 0 .0146
C11b C 0 .2765(14 ) 0 . 2 6 5 5 ( 6 ) 0 . 6 9 6 2 ( 3 ) Uiso 0 .0146
C12b C 0 .2652(13 ) 0 . 2 9 8 4 ( 6 ) 0 . 6 2 2 3 ( 3 ) Uiso 0 .0146
N3b N 0 .2031(18 ) 0 . 6 6 9 2 ( 7 ) 0 . 1 7 5 5 ( 3 ) Uiso 0 .0172
N4b N 0 .3125(11 ) 0 . 3 2 3 5 ( 6 ) 0 . 8 0 2 2 ( 3 ) Uiso 0 .0172
O1b O 0 .2390(15) 0 . 5 8 3 9 ( 8 ) 0 . 1 4 3 7 ( 5 ) Uiso 0 .024
O2b O 0 .1694(15) 0 . 7 8 5 5 ( 8 ) 0 . 1 3 6 7 ( 5 ) Uiso 0 .024
C13b C 0 . 2 9 1 6 ( 8 ) 0 . 2 0 2 7 ( 6 ) 0 . 8 4 1 8 ( 3 ) Uiso 0 .0146
C14b C 0 . 4 5 4 4 ( 7 ) 0 . 0 9 9 2 ( 5 ) 0 . 8 8 3 8 ( 3 ) Uiso 0 .0146
C15b C 0 . 3 3 6 5 ( 7 ) 0 . 4 1 1 9 ( 6 ) 0 . 8 3 6 4 ( 3 ) Uiso 0 .0146
C16b C 0 . 1 6 6 8 ( 7 ) 0 . 5 1 1 7 ( 5 ) 0 . 8 5 2 5 ( 3 ) Uiso 0 .0146
O3b O 0 .0630(10) 0 . 4 5 0 7 ( 7 ) 0 . 9 0 8 0 ( 4 ) Uiso 0 .024
H1b H 0 . 2 1 2 ( 3 ) 0 . 8 3 4 ( 3 ) 0 . 2504(14 ) Uiso 0 .0175
H2b H 0 . 2 4 5 ( 4 ) 0 . 7 7 4 ( 2 ) 0 . 3762(12 ) Uiso 0 .0175
H3b H 0 . 2 0 8 ( 4 ) 0 . 4 1 1 ( 2 ) 0 . 3951(12 ) Uiso 0 .0175
H4b H 0 . 1 8 2 ( 4 ) 0 . 4 5 7 ( 2 ) 0 . 2757(13 ) Uiso 0 .0175
H5b H 0 . 2 8 6 ( 4 ) 0 . 5 9 9 ( 2 ) 0 . 5837(13 ) Uiso 0 .0175
H6b H 0 . 3 1 0 ( 4 ) 0 . 5 5 3 ( 2 ) 0 . 7065(13 ) Uiso 0 .0175
H7b H 0 . 2 7 9 ( 4 ) 0 . 1 8 0 ( 2 ) 0 . 7240(13 ) Uiso 0 .0175
H8b H 0 . 2 5 3 ( 3 ) 0 . 2 3 9 ( 2 ) 0 . 5991(11 ) Uiso 0 .0175
H9b H −0.057(4) 0 . 5 1 0 ( 3 ) 0 . 9254(13) Uiso 0 .0175
H10b H 0 . 4 1 9 ( 4 ) 0 . 0 2 7 ( 3 ) 0 . 9135(13 ) Uiso 0 .0175
H11b H 0 . 5 5 5 ( 3 ) 0 . 0 6 5 ( 2 ) 0 . 8522(11 ) Uiso 0 .0175
H12b H 0 . 4 9 5 ( 4 ) 0 . 1 4 0 ( 2 ) 0 . 9140(12 ) Uiso 0 .0175
H13b H 0 . 2 6 2 ( 4 ) 0 . 1 6 6 ( 2 ) 0 . 8061(13 ) Uiso 0 .0175
H14b H 0 . 1 8 8 ( 3 ) 0 . 2203(19) 0 . 8752(12) Uiso 0 .0175
H15b H 0 . 4 1 6 ( 4 ) 0 . 4 5 6 ( 2 ) 0 . 8067(12 ) Uiso 0 .0175
H16b H 0 . 3 9 6 ( 4 ) 0 . 3 6 2 ( 2 ) 0 . 8808(12 ) Uiso 0 .0175
H17b H 0 . 1 9 4 ( 4 ) 0 . 5 8 2 ( 2 ) 0 . 8668(12 ) Uiso 0 .0175
H18b H 0 . 0 9 6 ( 3 ) 0 . 5 5 3 ( 2 ) 0 . 8091(12 ) Uiso 0 .0175
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CIF file of the structure model from the dynamical refinement
_chemical_formula_sum ’C64 H72 N16 O12 ’
_chemical_formula_weight 1257 .4
_symmetry_cell_setting t r i c l i n i c
_symmetry_space_group_name_H−M ’P −1 ’
_symmetry_space_group_name_Hall ’−P 1 ’
_symmetry_Int_Tables_number 2

loop_
_space_group_symop_id
_space_group_symop_operation_xyz
1 x , y , z
2 −x,−y,−z

_cel l_length_a 7.7217
_cell_length_b 11.1397
_cel l_length_c 19.5753
_cel l_angle_alpha 73 .8
_cel l_angle_beta 83 .04
_cell_angle_gamma 70.498
_cell_volume 1523.462
_cell_formula_units_Z 1
_expt l_crys ta l_dens i ty_di f f rn 1 .3705

loop_
_atom_type_symbol
_atom_type_scat_source
C International_Tables_Vol_C
H International_Tables_Vol_C
N International_Tables_Vol_C
O International_Tables_Vol_C

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_adp_type
_atom_site_U_iso_or_equiv
_atom_site_site_symmetry_multipl ic ity
_atom_site_occupancy
C1a C 0 . 2 0 9 7 ( 6 ) 0 . 1 0 6 6 ( 4 ) 0 . 3 4 3 9 ( 3 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C2a C 0 . 0 8 8 3 ( 6 ) 0 . 1 9 3 8 ( 5 ) 0 . 3 7 7 8 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C3a C 0 . 0 8 2 0 ( 6 ) 0 . 1 6 5 2 ( 5 ) 0 . 4 5 4 1 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C4a C 0 . 1 9 9 9 ( 6 ) 0 . 0 4 8 8 ( 5 ) 0 . 4 9 3 9 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C5a C 0 . 3 2 8 2 ( 8 ) 0 . 9 5 6 6 ( 5 ) 0 . 4 5 5 3 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C6a C 0 . 3 2 9 3 ( 8 ) 0 . 9 8 8 6 ( 5 ) 0 . 3 8 4 1 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
N1a N 0 . 1 9 5 8 ( 6 ) 0 . 0 1 7 6 ( 5 ) 0 . 5 7 0 3 ( 4 ) Uiso 0 . 0 0 9 4 ( 9 ) 2 1
N2a N 0 . 2 9 3 2 ( 6 ) 0 . 9 1 3 4 ( 5 ) 0 . 6 0 0 1 ( 4 ) Uiso 0 . 0 0 9 4 ( 9 ) 2 1
C7a C 0 . 2 8 2 0 ( 5 ) 0 . 8 9 0 6 ( 4 ) 0 . 6 7 6 8 ( 3 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C8a C 0 . 1 5 1 6 ( 6 ) 0 . 9 7 0 3 ( 4 ) 0 . 7 1 2 1 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C9a C 0 . 1 5 2 6 ( 6 ) 0 . 9 3 9 3 ( 5 ) 0 . 7 8 7 0 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C10a C 0 . 2 8 9 1 ( 5 ) 0 . 8 2 4 9 ( 4 ) 0 . 8 2 6 5 ( 3 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C11a C 0 . 4 2 0 8 ( 6 ) 0 . 7 4 4 7 ( 4 ) 0 . 7 9 0 0 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C12a C 0 . 4 1 8 0 ( 6 ) 0 . 7 7 6 5 ( 5 ) 0 . 7 1 6 1 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
N3a N 0 . 2 2 5 0 ( 7 ) 0 . 1 2 6 2 ( 5 ) 0 . 2 7 0 6 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
N4a N 0 . 2 8 9 8 ( 5 ) 0 . 7 9 4 8 ( 4 ) 0 . 8 9 9 8 ( 4 ) Uiso 0 .0093 2 1
O1a O 0 . 3 0 1 5 ( 8 ) 0 . 0 4 8 5 ( 6 ) 0 . 2 3 6 6 ( 5 ) Uiso 0 . 0 2 0 9 ( 9 ) 2 1
O2a O 0 . 1 4 8 6 ( 8 ) 0 . 2 4 0 7 ( 6 ) 0 . 2 3 5 3 ( 5 ) Uiso 0 . 0 2 0 9 ( 9 ) 2 1
C13a C 0 . 1 4 7 1 ( 7 ) 0 . 8 7 0 7 ( 5 ) 0 . 9 3 6 7 ( 4 ) Uiso 0 . 0 2 1 9 ( 7 ) 2 1
C14a C 0 . 9 7 1 0 ( 7 ) 0 . 8 3 7 0 ( 6 ) 0 . 9 5 0 0 ( 5 ) Uiso 0 . 0 2 1 9 ( 7 ) 2 1
C15a C 0 . 4 2 5 4 ( 7 ) 0 . 6 8 3 0 ( 5 ) 0 . 9 3 7 8 ( 4 ) Uiso 0 . 0 2 1 9 ( 7 ) 2 1
C16a C 0 . 6 1 2 0 ( 7 ) 0 . 6 9 9 6 ( 5 ) 0 . 9 4 2 6 ( 5 ) Uiso 0 . 0 2 1 9 ( 7 ) 2 1
O3a O 0 . 7 5 0 7 ( 7 ) 0 . 5 8 0 7 ( 6 ) 0 . 9 6 8 9 ( 6 ) Uiso 0 . 0170(17) 2 1
H1a H −0.004116 0.28526 0.346963 Uiso 0 .0186 2 1
H2a H −0.015395 0.234939 0.480993 Uiso 0 .0186 2 1
H3a H 0.421207 0.863575 0.484466 Uiso 0 .0186 2 1
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H4a H 0.426289 0.920635 0.356066 Uiso 0 .0186 2 1
H5a H 0.047905 1.056997 0.682779 Uiso 0 .0186 2 1
H6a H 0.048695 1.002673 0.815504 Uiso 0 .0186 2 1
H7a H 0.525232 0.657858 0.818811 Uiso 0 .0186 2 1
H8a H 0.521432 0.713374 0.687319 Uiso 0 .0186 2 1
H9a H 0 . 7 7 8 ( 4 ) 0 . 5 7 7 ( 2 ) 1 . 0111(11) Uiso 0 .0255 2 1
H10a H 0.937986 0.81671 0.902057 Uiso 0 .0439 2 1
H11a H 0.986976 0.749343 0.99492 Uiso 0 .0439 2 1
H12a H 0.859143 0.92034 0.962591 Uiso 0 .0439 2 1
H13a H 0.197336 0.867995 0.987508 Uiso 0 .0439 2 1
H14a H 0.117855 0.975641 0.909204 Uiso 0 .0439 2 1
H15a H 0.371414 0.648143 0.991692 Uiso 0 .0439 2 1
H16a H 0.444805 0.599289 0.915112 Uiso 0 .0439 2 1
H17a H 0.655098 0.749945 0.889859 Uiso 0 .0439 2 1
H18a H 0.597447 0.766975 0.976253 Uiso 0 .0439 2 1
C1b C 0 . 2 1 0 6 ( 3 ) 0 . 6 4 3 7 ( 4 ) 0 . 2 4 8 7 ( 3 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C2b C 0 . 2 2 7 3 ( 4 ) 0 . 7 3 5 8 ( 4 ) 0 . 2 8 1 0 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C3b C 0 . 2 3 4 6 ( 4 ) 0 . 7 0 7 2 ( 5 ) 0 . 3 5 2 6 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C4b C 0 . 2 2 5 7 ( 3 ) 0 . 5 8 5 5 ( 4 ) 0 . 3 9 5 3 ( 3 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C5b C 0 . 2 0 8 7 ( 4 ) 0 . 4 8 9 9 ( 5 ) 0 . 3 6 3 8 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C6b C 0 . 2 0 1 0 ( 4 ) 0 . 5 2 1 1 ( 5 ) 0 . 2 8 8 9 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
N1b N 0 . 2 3 4 6 ( 5 ) 0 . 5 6 1 8 ( 5 ) 0 . 4 7 1 8 ( 4 ) Uiso 0 . 0 0 9 4 ( 9 ) 2 1
N2b N 0 . 2 4 9 0 ( 5 ) 0 . 4 5 1 5 ( 5 ) 0 . 5 0 3 8 ( 4 ) Uiso 0 . 0 0 9 4 ( 9 ) 2 1
C7b C 0 . 2 6 6 0 ( 3 ) 0 . 4 2 1 8 ( 4 ) 0 . 5 7 9 7 ( 3 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C8b C 0 . 2 8 7 9 ( 4 ) 0 . 5 1 3 5 ( 5 ) 0 . 6 1 4 5 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C9b C 0 . 3 0 3 6 ( 4 ) 0 . 4 8 0 2 ( 5 ) 0 . 6 8 7 6 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C10b C 0 . 2 9 8 7 ( 3 ) 0 . 3 5 5 2 ( 4 ) 0 . 7 2 9 5 ( 3 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C11b C 0 . 2 7 6 6 ( 4 ) 0 . 2 6 2 5 ( 5 ) 0 . 6 9 4 4 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
C12b C 0 . 2 6 1 0 ( 4 ) 0 . 2 9 8 6 ( 5 ) 0 . 6 2 0 4 ( 4 ) Uiso 0 . 0 0 9 3 ( 3 ) 2 1
N3b N 0 . 2 0 3 2 ( 5 ) 0 . 6 7 3 7 ( 5 ) 0 . 1 7 5 8 ( 4 ) Uiso 0 .0093 2 1
N4b N 0 . 3 1 4 3 ( 5 ) 0 . 3 2 3 0 ( 4 ) 0 . 8 0 1 6 ( 3 ) Uiso 0 .0093 2 1
O1b O 0 . 2 4 4 1 ( 8 ) 0 . 5 8 5 7 ( 6 ) 0 . 1 4 4 8 ( 5 ) Uiso 0 . 0 2 0 9 ( 9 ) 2 1
O2b O 0 . 1 7 6 7 ( 8 ) 0 . 7 8 5 4 ( 6 ) 0 . 1 3 7 8 ( 5 ) Uiso 0 . 0 2 0 9 ( 9 ) 2 1
C13b C 0 . 2 8 7 3 ( 7 ) 0 . 2 0 5 7 ( 5 ) 0 . 8 4 4 7 ( 4 ) Uiso 0 . 0 2 1 9 ( 7 ) 2 1
C14b C 0 . 4 5 3 4 ( 7 ) 0 . 1 0 1 5 ( 5 ) 0 . 8 7 8 3 ( 5 ) Uiso 0 . 0 2 1 9 ( 7 ) 2 1
C15b C 0 . 3 2 8 6 ( 7 ) 0 . 4 1 7 1 ( 5 ) 0 . 8 3 5 2 ( 4 ) Uiso 0 . 0 2 1 9 ( 7 ) 2 1
C16b C 0 . 1 5 3 1 ( 8 ) 0 . 5 0 9 1 ( 5 ) 0 . 8 5 6 8 ( 5 ) Uiso 0 . 0 2 1 9 ( 7 ) 2 1
O3b O 0 . 0 6 8 0 ( 8 ) 0 . 4 4 7 7 ( 6 ) 0 . 9 1 9 6 ( 5 ) Uiso 0 . 0196(18 ) 2 1
H1b H 0.234497 0.831012 0.248493 Uiso 0 .0186 2 1
H2b H 0.247514 0.779948 0.377408 Uiso 0 .0186 2 1
H3b H 0.20171 0.394746 0.396586 Uiso 0 .0186 2 1
H4b H 0.187733 0.450076 0.262803 Uiso 0 .0186 2 1
H5b H 0.292065 0.610081 0.582981 Uiso 0 .0186 2 1
H6b H 0.319806 0.550996 0.713159 Uiso 0 .0186 2 1
H7b H 0.272094 0.165626 0.725333 Uiso 0 .0186 2 1
H8b H 0.244598 0.228938 0.59416 Uiso 0 .0186 2 1
H9b H −0.0474(19) 0 . 4 8 7 ( 2 ) 0 . 9201(15 ) Uiso 0 .0294 2 1
H10b H 0.46095 0.006987 0.868977 Uiso 0 .0439 2 1
H11b H 0.576868 0.127817 0.854917 Uiso 0 .0439 2 1
H12b H 0.445379 0.092714 0.935914 Uiso 0 .0439 2 1
H13b H 0.221304 0.165138 0.813833 Uiso 0 .0439 2 1
H14b H 0.181134 0.228947 0.886128 Uiso 0 .0439 2 1
H15b H 0.413135 0.474268 0.801255 Uiso 0 .0439 2 1
H16b H 0.416341 0.366183 0.88156 Uiso 0 .0439 2 1
H17b H 0.180137 0.594555 0.86546 Uiso 0 .0439 2 1
H18b H 0.056933 0.548559 0.812828 Uiso 0 .0439 2 1
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Geometrical restraints applied in Jana2006 for the dynamical refinement
r e s t r i c C1a 12 C2a C3a C4a C5a C6a C7a C8a C9a C10a C11a C12a C1b C2b C3b C4b C5b C6b C7b C8b C9b
C10b C11b C12b
r e s t r i c N1a 12 N2a N1b N2b
r e s t r i c O1a 12 O2a O1b O2b
r e s t r i c C13a 12 C14a C15a C16a C13b C14b C15b C16b
r e s t r i c N3a 12 N4a N3b N4b
r e s t r i c C1a 12 N3a

d i s t f i x 1 .392 0 .010 C1a c2a ; c2a C3a ; C3a c4a ; c4a C5a#t0 ,−1 ,0 ; c5a c6a ; c6a C1a#t0 , 1 , 0 ;
d i s t f i x 1 .392 0 .010 c7a c8a ; c8a c9a ; c9a c10a ; c10a c11a ; c11a c12a ; c12a c7a ;
d i s t f i x 1 .230 0 .010 n3a o1a ; n3a o2a ;
d i s t f i x 1 .442 0 .010 C1a n3a ; c4a n1a ;
d i s t f i x 1 .402 0 .010 n4a c13a ; n4a c15a ;
d i s t f i x 1 .500 0 .010 c13a C14a#t −1 ,0 ,0 ; c15a c16a ;
d i s t f i x 1 .253 0 .010 n1a N2a#t0 ,−1 ,0 ;
d i s t f i x 1 .420 0 .010 n2a c7a ;
d i s t f i x 1 .368 0 .010 c10a n4a ;
d i s t f i x 1 .424 0 .010 c16a O3a ;
d i s t f i x 1 .392 0 .010 c1b c2b ; c2b c3b ; c3b c4b ; c4b c5b ; c5b c6b ; c6b c1b ;
d i s t f i x 1 .392 0 .010 c7b c8b ; c8b c9b ; c9b c10b ; c10b c11b ; c11b c12b ; c12b c7b ;
d i s t f i x 1 .230 0 .010 n3b o1b ; n3b o2b ;
d i s t f i x 1 .442 0 .010 c1b n3b ; c4b n1b ;
d i s t f i x 1 .402 0 .010 n4b c13b ; n4b c15b ;
d i s t f i x 1 .500 0 .010 c13b c14b ; c15b c16b ;
d i s t f i x 1 .253 0 .010 n1b n2b ;
d i s t f i x 1 .420 0 .010 n2b c7b ;
d i s t f i x 1 .368 0 .010 c10b n4b ;
d i s t f i x 1 .424 0 .010 c16b o3b ;
d i s t f i x 0 .856 0 .010 H9b O3b ;
d i s t f i x 0 .856 0 .010 H9a O3a ;

a n g l e f i x 120 0 .5 c2a C1a n3a ; c6a C1a n3a ; C6a#t0 ,−1 ,0 C1a c2a ; C1a c2a C3a ;
a n g l e f i x 120 0 .5 c2a C3a c4a ; C3a c4a C5a#t0 ,−1 ,0 ; c4a c5a c6a ; c5a c6a C1a ;
a n g l e f i x 120 0 .5 C3a c4a n1a ; c5a c4a n1a ; c8a c7a n2a ; c12a c7a n2a ;
a n g l e f i x 120 0 .5 c12a c7a c8a ; c7a c8a c9a ; c8a c9a c10a ; c9a c10a c11a ;
a n g l e f i x 120 0 .5 c10a c11a c12a ; c11a c12a c7a ; c9a c10a n4a ; c11a c10a n4a ;
a n g l e f i x 120 0 .5 c10a n4a c13a ; c10a n4a c15a ; c13a n4a c15a ; n4a c13a C14a#t −1 ,0 ,0 ;
a n g l e f i x 120 0 .5 n4a c15a c16a ; c15a c16a O3a ;
a n g l e f i x 113 0 .5 o1a n3a o2a ;
a n g l e f i x 112 0 .5 c4a n1a N2a#t0 ,−1 ,0 ;
a n g l e f i x 114 0 .5 n1a n2a c7a ;
a n g l e f i x 110 0 .5 c15a c16a O3a ;
a n g l e f i x 120 0 .5 c2b c1b n3b ; c6b c1b n3b ; c6b c1b c2b ; c1b c2b c3b ;
a n g l e f i x 120 0 .5 c2b c3b c4b ; c3b c4b c5b ; c4b c5b c6b ; c5b c6b c1b ;
a n g l e f i x 120 0 .5 c3b c4b n1b ; c5b c4b n1b ; c8b c7b n2b ; c12b c7b n2b ;
a n g l e f i x 120 0 .5 c12b c7b c8b ; c7b c8b c9b ; c8b c9b c10b ; c9b c10b c11b ;
a n g l e f i x 120 0 .5 c10b c11b c12b ; c11b c12b c7b ; c9b c10b n4b ; c11b c10b n4b ;
a n g l e f i x 120 0 .5 c10b n4b c13b ; c10b n4b c15b ; c13b n4b c15b ; n4b c13b c14b ;
a n g l e f i x 120 0 .5 n4b c15b c16b ; c15b c16b o3b ;
a n g l e f i x 113 0 .5 o1b n3b o2b ;
a n g l e f i x 112 0 .5 c4b n1b n2b ;
a n g l e f i x 114 0 .5 n1b n2b c7b ;
a n g l e f i x 110 0 .5 c15b c16b o3b ;
a n g l e f i x 108 .6 1 .0 H9b O3b C16b ;
a n g l e f i x 108 .6 1 .0 H9a O3a C16a ;

keep geom plane n3a C1a c2a C3a c4a C5a#t0 ,−1 ,0 C6a#t0 ,−1 ,0 n1a
keep geom plane n2a c7a c8a c9a c10a c11a c12a n4a
keep geom plane n3b c1b c2b c3b c4b c5b c6b n1b
keep geom plane n2b c7b c8b c9b c10b c11b c12b n4b
keep hydro t r i a n g C2a 2 1 C1a C3a 1 .09 H1a
keep ADP r i d i n g C2a 2 H1a
keep hydro t r i a n g C3a 2 1 C2a C4a 1 .09 H2a
keep ADP r i d i n g C3a 2 H2a
keep hydro t r i a n g C5a 2 1 C6a C4a#t0 , 1 , 0 1 .09 H3a
keep ADP r i d i n g C5a 2 H3a
keep hydro t r i a n g C6a 2 1 C5a C1a#t0 , 1 , 0 1 .09 H4a
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keep ADP r i d i n g C6a 2 H4a
keep hydro t r i a n g C8a 2 1 C9a C7a 1 .09 H5a
keep ADP r i d i n g C8a 2 H5a
keep hydro t r i a n g C9a 2 1 C8a C10a 1 .09 H6a
keep ADP r i d i n g C9a 2 H6a
keep hydro t r i a n g C11a 2 1 C12a C10a 1 .09 H7a
keep ADP r i d i n g C11a 2 H7a
keep hydro t r i a n g C12a 2 1 C11a C7a 1 .09 H8a
keep ADP r i d i n g C12a 2 H8a
keep hydro t r i a n g C2b 2 1 C3b C1b 1 .09 H1b
keep ADP r i d i n g C2b 2 H1b
keep hydro t r i a n g C3b 2 1 C2b C4b 1 .09 H2b
keep ADP r i d i n g C3b 2 H2b
keep hydro t r i a n g C5b 2 1 C6b C4b 1 .09 H3b
keep ADP r i d i n g C5b 2 H3b
keep hydro t r i a n g C6b 2 1 C5b C1b 1 .09 H4b
keep ADP r i d i n g C6b 2 H4b
keep hydro t r i a n g C8b 2 1 C9b C7b 1 .09 H5b
keep ADP r i d i n g C8b 2 H5b
keep hydro t r i a n g C9b 2 1 C8b C10b 1 .09 H6b
keep ADP r i d i n g C9b 2 H6b
keep hydro t r i a n g C11b 2 1 C12b C10b 1 .09 H7b
keep ADP r i d i n g C11b 2 H7b
keep hydro t r i a n g C12b 2 1 C11b C7b 1 .09 H8b
keep ADP r i d i n g C12b 2 H8b
keep hydro te t rahed C13a 2 2 N4a C14a#t−1 ,0 ,0 1 . 1 H14a H13a
keep ADP r i d i n g C13a 2 H14a H13a
keep hydro te t rahed C14a 1 3 C13a#t1 , 0 , 0 1 .1 H12a H10a H11a
keep ADP r i d i n g C14a 2 H12a H10a H11a
keep hydro te t rahed C15a 2 2 N4a C16a 1 .1 H16a H15a
keep ADP r i d i n g C15a 2 H16a H15a
keep hydro te t rahed C16a 2 2 O3a C15a 1 .1 H17a H18a
keep ADP r i d i n g C16a 2 H17a H18a
keep hydro te t rahed C13b 2 2 N4b C14b 1 .1 H13b H14b
keep ADP r i d i n g C13b 2 H13b H14b
keep hydro te t rahed C14b 1 3 C13b 1 .1 H10b H11b H12b
keep ADP r i d i n g C14b 2 H10b H11b H12b
keep hydro te t rahed C15b 2 2 N4b C16b 1 .1 H15b H16b
keep ADP r i d i n g C15b 2 H15b H16b
keep hydro te t rahed C16b 2 2 O3b C15b 1 .1 H17b H18b
keep ADP r i d i n g C16b 2 H17b H18b
keep ADP r i d i n g O3a 1 .5 H9a
keep ADP r i d i n g O3b 1 .5 H9b
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4. Belite Polymorphs

Acquisition and output parameters from the successful structure solutions of DM in
Sir2014 for the analysed datasets

“clinker_0” “clinker_2.5” “clinker_5”
Ref. Crystal Number: 1 (β) 2 (β) 3 (β*) 4 (α′H) 1 (β*) 2 (α′H) 1 (β*) 2 (β) 3 (α′H)

Tilt Range (◦) -45/45 -45/45 -45/45 -45/45 -35/45 -60/60 -45/45 -45/45 -45/45

Acq. Patterns (#) 91 91 91 91 81 121 91 91 91

CCD Exposure Time (s) 2 1 1 1 0.2 0.5 1 1 1

Num. of Reflections (#) 3671 3681 3632 3575 1376 1643 1559 1529 1536

Ind. Refl. at 0.7 Å (#) 696 825 865 444 550 512 616 601 424

Completeness (%) 65.9 78.1 81.9 72.9 52.1 85.3 58.6 57.0 70.8

Refl./Param. Ratio (-) 16.4 19.5 21.2 11.8 12.5 13.5 13.7 13.8 11.7

Overall B (Å2) 1.01 0.95 0.90 1.84 1.04 1.97 0.64 0.73 2.01

Rint (%) 11.5 8.1 8.1 13.5 15.4 11.6 8.13 10.9 12.7

R (%) 17.0 20.0 23.3 14.8 23.6 16.0 26.5 17.7 20.8

“clinker_0” datasets were acquired at 750 mm of camera length, while “clinker_2.5” and “clinker_5”
datasets at 1 m. Rint is based on structure factors and R is based on structure factors and the BEA
algorithm. “Ref.” stands for reference, “Refl.” for reflections and “Param.” for structure parameters.
* Twinned crystal from which one of the twins structure solutions is reported.
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CIF file of the average structure of α’-C2S from the dynamical refinement of
“clinker_0”
_chemical_formula_sum ’Ca8 O16 Si4 ’
_chemical_formula_weight 689
_symmetry_cell_setting orthorhombic
_symmetry_space_group_name_H−M ’P n m a ’
_symmetry_space_group_name_Hall ’−P −2xabc ;−2yb;−2 zac ’
_symmetry_Int_Tables_number 62

loop_
_space_group_symop_id
_space_group_symop_operation_xyz
1 x , y , z
2 −x+1/2,−y , z+1/2
3 −x , y+1/2,−z
4 x+1/2,−y+1/2,−z+1/2
5 −x,−y,−z
6 x+1/2 ,y,−z+1/2
7 x,−y+1/2 , z
8 −x+1/2 ,y+1/2 , z+1/2

_cell_length_a 6.776
_cell_length_b 5.496
_cel l_length_c 9 .252
_cel l_angle_alpha 90
_cel l_angle_beta 90
_cell_angle_gamma 90
_cell_volume 344.5528
_cell_formula_units_Z 1
_expt l_crys ta l_dens i ty_di f f rn 3 .3204

loop_
_atom_type_symbol
_atom_type_scat_source
Ca International_Tables_Vol_C
O International_Tables_Vol_C
Si International_Tables_Vol_C

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_adp_type
_atom_site_U_iso_or_equiv
_atom_site_site_symmetry_multipl ic ity
_atom_site_occupancy
Ca1 Ca 0 .66658(12) 0 .75 0 . 5706 (2 ) Uani 0 . 0251 (6 ) 4 1
Ca2 Ca 0 .49080(11) 0 .25 0 .79563(19) Uani 0 . 0161 (5 ) 4 1
Si1 S i 0 .78069(16) 0 .25 0 . 4128 (3 ) Uani 0 . 0157 (8 ) 4 1
O1 O 0 .7521 (6 ) 0 . 5203 (6 ) 0 . 8014 (7 ) Uani 0 . 0258(18 ) 8 0 . 621 (6 )
O2 O 0 .6574 (3 ) 0 . 3219 (4 ) 0 . 5622 (7 ) Uani 0 . 030 (2 ) 8 0 .5
O3 O 1 .0073 (3 ) 0 . 3122 (5 ) 0 . 4500 (7 ) Uani 0 . 024 (2 ) 8 0 .5
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O1_2 O 0 .8219 (9 ) 0 . 5103(11 ) 0 . 8563(14) Uani 0 . 0258(18) 8 0 . 379 (6 )

loop_
_atom_site_aniso_label
_atom_site_aniso_type_symbol
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_12
_atom_site_aniso_U_13
_atom_site_aniso_U_23
Ca1 Ca 0 .0123 (4 ) 0 . 0387 (6 ) 0 . 0244(17) 0 −0.0005(6) 0
Ca2 Ca 0 .0090 (4 ) 0 . 0275 (5 ) 0 . 0118(14) 0 −0.0004(5) 0
Si1 S i 0 . 0114 (5 ) 0 . 0201 (7 ) 0 . 016 (2 ) 0 0 . 0002 (7 ) 0
O1 O 0 .026 (2 ) 0 . 0194 (9 ) 0 . 032 (5 ) −0.0089(13) 0 . 0070(18 ) −0.0099(17)
O2 O 0 .0141(11) 0 . 037 (2 ) 0 . 039 (6 ) −0.0012(8) 0 . 0088(17) 0 . 0096(17 )
O3 O 0 .0159(11) 0 . 042 (3 ) 0 . 014 (5 ) −0.0063(8) 0 . 0023(15) −0.0050(14)
O1_2 O 0 .026 (2 ) 0 . 0194 (9 ) 0 . 032 (5 ) −0.0089(13) 0 . 0070(18 ) −0.0099(17)
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CIF file of the average structure of α’-C2S from the dynamical refinement of
“clinker_2.5”
_chemical_formula_sum ’Ca8 O16 Si4 ’
_chemical_formula_weight 689
_symmetry_cell_setting orthorhombic
_symmetry_space_group_name_H−M ’P n m a ’
_symmetry_space_group_name_Hall ’−P −2xabc ;−2yb;−2 zac ’
_symmetry_Int_Tables_number 62

loop_
_space_group_symop_id
_space_group_symop_operation_xyz
1 x , y , z
2 −x+1/2,−y , z+1/2
3 −x , y+1/2,−z
4 x+1/2,−y+1/2,−z+1/2
5 −x,−y,−z
6 x+1/2 ,y,−z+1/2
7 x,−y+1/2 , z
8 −x+1/2 ,y+1/2 , z+1/2

_cell_length_a 6.765
_cell_length_b 5.514
_cel l_length_c 9 .25
_cel l_angle_alpha 90
_cel l_angle_beta 90
_cell_angle_gamma 90
_cell_volume 345.0454
_cell_formula_units_Z 1
_expt l_crys ta l_dens i ty_di f f rn 3 .3157

loop_
_atom_type_symbol
_atom_type_scat_source
Ca International_Tables_Vol_C
O International_Tables_Vol_C
Si International_Tables_Vol_C

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_adp_type
_atom_site_U_iso_or_equiv
_atom_site_site_symmetry_multipl ic ity
_atom_site_occupancy
Ca1 Ca 0 .16773(15) 0 .75 0 .42906(13) Uani 0 . 0256 (5 ) 4 1
Ca2 Ca 0 .50905(13) 0 .75 0 .70488(13) Uani 0 . 0172 (4 ) 4 1
Si1 S i 0 .28113(18) 0 .25 0 .58717(17) Uani 0 . 0170 (6 ) 4 1
O1 O 0 .7470 (7 ) 0 . 4794 (8 ) 0 . 8050 (5 ) Uani 0 . 0312(15 ) 8 0 . 647 (7 )
O2 O 0 .4946 (5 ) 0 . 770 (4 ) 0 . 4509 (4 ) Uani 0 . 095 (3 ) 8 0 .5
O3 O 0 .1579 (4 ) 0 . 3184 (9 ) 0 . 4389 (4 ) Uani 0 . 032 (2 ) 8 0 .5
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O1_2 O 0 .6761(12) 0 . 4871(16 ) 0 . 8553(12) Uani 0 . 0312(15) 8 0 . 353 (7 )

loop_
_atom_site_aniso_label
_atom_site_aniso_type_symbol
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_12
_atom_site_aniso_U_13
_atom_site_aniso_U_23
Ca1 Ca 0 .0156 (5 ) 0 . 0412(11) 0 . 0200 (8 ) 0 0 . 0016 (5 ) 0
Ca2 Ca 0 .0114 (5 ) 0 . 0286 (8 ) 0 . 0117 (6 ) 0 −0.0009(4) 0
Si1 S i 0 . 0146 (7 ) 0 . 0258(13) 0 . 0106(10 ) 0 −0.0008(6) 0
O1 O 0 .030 (2 ) 0 . 0249(19) 0 . 039 (3 ) −0.0082(18) −0.0135(17) 0 . 0129(19 )
O2 O 0 .0247(17) 0 . 239 (10 ) 0 . 020 (2 ) 0 . 067 (6 ) 0 . 0038(14) 0 . 007 (7 )
O3 O 0 .0181(13) 0 . 060 (6 ) 0 . 018 (2 ) 0 . 0032(17) −0.0090(12) −0.0079(17)
O1_2 O 0 .030 (2 ) 0 . 0249(19 ) 0 . 039 (3 ) −0.0082(18) −0.0135(17) 0 . 0129(19 )
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CIF file of the modulated structure of α’-C2S from the dynamical refinement of
“clinker_0”
_chemical_formula_sum ’Ca8 O16 Si4 ’
_chemical_formula_weight 689
_symmetry_cell_setting orthorhombic
_space_group_ssg_name ’Pnma(\ a00 )0 s s ’

loop_
_space_group_symop_ssg_id
_space_group_symop_ssg_operation_algebraic
1 x1 , x2 , x3 , x4
2 −x1+1/2,−x2 , x3+1/2,−x4+1/2
3 −x1 , x2+1/2,−x3 ,−x4+1/2
4 x1+1/2,−x2+1/2,−x3+1/2 ,x4
5 −x1 ,−x2 ,−x3 ,−x4
6 x1+1/2 ,x2 ,−x3+1/2 ,x4+1/2
7 x1 ,−x2+1/2 ,x3 , x4+1/2
8 −x1+1/2 ,x2+1/2 ,x3+1/2,−x4

_cell_length_a 6.776
_cell_length_b 5.496
_cel l_length_c 9 .252
_cel l_angle_alpha 90
_cel l_angle_beta 90
_cell_angle_gamma 90
_cell_volume 344.5528
_cell_modulation_dimension 1
loop_
_cell_wave_vector_seq_id
_cell_wave_vector_x
_cell_wave_vector_y
_cell_wave_vector_z
1 0.372500 0.000000 0.000000
_cell_formula_units_Z 1
_expt l_crys ta l_dens i ty_di f f rn 3 .3204

loop_
_atom_type_symbol
_atom_type_scat_source
Ca International_Tables_Vol_C
O International_Tables_Vol_C
Si International_Tables_Vol_C

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_adp_type
_atom_site_U_iso_or_equiv
_atom_site_site_symmetry_multipl ic ity
_atom_site_occupancy
Ca1 Ca 1 .16654(15) 0 .75 0 . 5714 (2 ) Uiso 0 . 0130 (3 ) 4 1
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Ca2 Ca 1 .00881(13) 0 .75 0 . 2045 (2 ) Uiso 0 . 0069 (3 ) 4 1
Si1 S i 0 . 7195 (2 ) 0 .75 0 . 5881 (4 ) Uiso 0 . 0100 (4 ) 4 1
O1 O 0 .7772 (3 ) 0 . 9827 (3 ) 0 . 6781 (5 ) Uiso 0 . 0150 (5 ) 8 1
O2 O 0 .8422 (4 ) 0 . 6772 (5 ) 0 . 4352 (7 ) Uiso 0 . 0215 (7 ) 8 0 .5
O3 O 0 .4913 (4 ) 0 . 8101 (4 ) 0 . 5485 (6 ) Uiso 0 . 0194 (7 ) 8 0 .5

loop_
_atom_site_Fourier_wave_vector_seq_id
_jana_atom_site_Fourier_wave_vector_q1_coeff
1 1

loop_
_atom_site_occ_special_func_atom_site_label
_atom_site_occ_special_func_crenel_c
_atom_site_occ_special_func_crenel_w
O2 0 .0025(18) 0 .5
O3 0 . 715 (2 ) 0 .5

loop_
_atom_site_displace_Fourier_atom_site_label
_atom_site_displace_Fourier_axis
_atom_site_displace_Fourier_wave_vector_seq_id
_atom_site_displace_Fourier_param_cos
_atom_site_displace_Fourier_param_sin
Ca1 x 1 0 0
Ca1 y 1 0 . 0281 (3 ) −0.0237(3)
Ca1 z 1 0 0
Ca2 x 1 0 0
Ca2 y 1 −0.0154(3) −0.0325(3)
Ca2 z 1 0 0
Si1 x 1 0 0
Si1 y 1 −0.0170(4) −0.0178(4)
S i1 z 1 0 0
O1 x 1 0 . 0382 (5 ) −0.0264(5)
O1 y 1 0 . 0049 (5 ) −0.0207(5)
O1 z 1 −0.0365(7) 0 . 0096 (8 )

loop_
_geom_bond_atom_site_label_1
_geom_bond_atom_site_label_2
_geom_bond_distance_av
_geom_bond_distance_min
_geom_bond_distance_max
Si1 O1 1 . 611 (6 ) 1 . 564 (6 ) 1 . 669 (6 )
S i1 O1 1 . 611 (6 ) 1 . 564 (6 ) 1 . 669 (6 )
S i1 O2 1 . 682 (6 ) 1 . 662 (6 ) 1 . 721 (6 )
S i1 O2 1 . 683 (6 ) 1 . 662 (6 ) 1 . 721 (6 )
S i1 O3 1 . 618 (3 ) 1 . 601 (3 ) 1 . 651 (3 )
S i1 O3 1 . 617 (3 ) 1 . 601 (3 ) 1 . 651 (3 )
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CIF file of the modulated structure of α’-C2S from the dynamical refinement of
“clinker_2.5”
_chemical_formula_sum ’Ca8 O16 Si4 ’
_chemical_formula_weight 689
_symmetry_cell_setting orthorhombic
_space_group_ssg_name ’Pnma(\ a00 )0 s s ’

loop_
_space_group_symop_ssg_id
_space_group_symop_ssg_operation_algebraic
1 x1 , x2 , x3 , x4
2 −x1+1/2,−x2 , x3+1/2,−x4+1/2
3 −x1 , x2+1/2,−x3 ,−x4+1/2
4 x1+1/2,−x2+1/2,−x3+1/2 ,x4
5 −x1 ,−x2 ,−x3 ,−x4
6 x1+1/2 ,x2 ,−x3+1/2 ,x4+1/2
7 x1 ,−x2+1/2 ,x3 , x4+1/2
8 −x1+1/2 ,x2+1/2 ,x3+1/2,−x4

_cell_length_a 6.765
_cell_length_b 5.514
_cel l_length_c 9 .25
_cel l_angle_alpha 90
_cel l_angle_beta 90
_cell_angle_gamma 90
_cell_volume 345.0454
_cell_modulation_dimension 1
loop_
_cell_wave_vector_seq_id
_cell_wave_vector_x
_cell_wave_vector_y
_cell_wave_vector_z
1 0.379500 0.000000 0.000000
_cell_formula_units_Z 1
_expt l_crys ta l_dens i ty_di f f rn 3 .3157

loop_
_atom_type_symbol
_atom_type_scat_source
Ca International_Tables_Vol_C
O International_Tables_Vol_C
Si International_Tables_Vol_C

loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_adp_type
_atom_site_U_iso_or_equiv
_atom_site_site_symmetry_multipl ic ity
_atom_site_occupancy
Ca1 Ca 0 .49106(12) 0 .75 0 .20467(11) Uiso 0 . 0091 (2 ) 4 1
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Ca2 Ca 0 .83234(13) 0 .75 −0.07067(11) Uiso 0 . 0169 (3 ) 4 1
Si1 S i 0 .21886(16) 0 .25 0 .41267(15) Uiso 0 . 0101 (3 ) 4 1
O1 O 0 .2760 (3 ) 0 . 4818 (4 ) 0 . 3217 (2 ) Uiso 0 . 0278 (5 ) 8 1
O2 O 0 .6575 (3 ) 0 . 8153 (5 ) 0 . 4402 (3 ) Uiso 0 . 0261 (6 ) 8 0 .5
O3 O 0 .5086 (3 ) 0 . 8056 (5 ) −0.0482(3) Uiso 0 . 0270 (7 ) 8 0 .5

loop_
_atom_site_Fourier_wave_vector_seq_id
_jana_atom_site_Fourier_wave_vector_q1_coeff
1 1

loop_
_atom_site_occ_special_func_atom_site_label
_atom_site_occ_special_func_crenel_c
_atom_site_occ_special_func_crenel_w
O2 0 . 496 (2 ) 0 .5
O3 0 . 777 (2 ) 0 .5

loop_
_atom_site_displace_Fourier_atom_site_label
_atom_site_displace_Fourier_axis
_atom_site_displace_Fourier_wave_vector_seq_id
_atom_site_displace_Fourier_param_cos
_atom_site_displace_Fourier_param_sin
Ca1 x 1 0 0
Ca1 y 1 −0.0105(4) 0 . 0274 (3 )
Ca1 z 1 0 0
Ca2 x 1 0 0
Ca2 y 1 −0.0231(3) −0.0174(4)
Ca2 z 1 0 0
Si1 x 1 0 0
Si1 y 1 0 . 0209 (5 ) 0 . 0141 (5 )
S i1 z 1 0 0
O1 x 1 −0.0333(4) 0 . 0257 (4 )
O1 y 1 −0.0025(6) 0 . 0194 (6 )
O1 z 1 −0.0292(3) 0 . 0106 (4 )

loop_
_geom_bond_atom_site_label_1
_geom_bond_atom_site_label_2
_geom_bond_distance_av
_geom_bond_distance_min
_geom_bond_distance_max
Si1 O1 1 . 606 (5 ) 1 . 579 (5 ) 1 . 638 (5 )
S i1 O1 1 . 606 (5 ) 1 . 579 (5 ) 1 . 638 (5 )
S i1 O2 1 . 627 (3 ) 1 . 613 (3 ) 1 . 663 (3 )
S i1 O2 1 . 628 (3 ) 1 . 613 (3 ) 1 . 663 (3 )
S i1 O3 1 . 609 (2 ) 1 . 590 (3 ) 1 . 641 (3 )
S i1 O3 1 . 609 (2 ) 1 . 590 (3 ) 1 . 641 (3 )
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