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Abstract

This thesis investigates structural properties and the underlying microscopic dynamics
of suspensions of a-FeOOH goethite platelets in water under the influence of magnetic
fields. Goethite particles show unusual physical properties and a rich phase diagram,
which makes their suspensions an object of high interest for research in the area of
“smart nanoparticles”. Five nanoparticle concentrations were chosen such that different
liquid crystal phases could be studied. The suspensions of platelets of these chosen
concentrations were exposed to magnetic fields of varying strength. Small angle X-ray
scattering and X-ray photon correlation spectroscopy data were taken and evaluated.
The appearing phases and phase transitions were studied as a function of concentration
and applied magnetic field. For this purpose, order parameters, ellipticity, radial and
azimuthal peak positions and widths of scattering features were investigated to clarify
the structural properties in detail. For the analysis of the underlying dynamics, the
relaxation rates and the shape of measured time correlation functions were evaluated.
The results show that with increasing magnetic field a partial realignment of the platelets
occurs. This realignment is connected to the magnetic properties of the particles. The
dynamics of the corresponding phases revealed a dependence on the concentration of
nanoparticles in the suspension. At a concentration of ¢ = 20vol% the transition from the
nematic to the anti-nematic phase traverses a mixed state. The nematic and anti-nematic
phases show ballistic motion and very similar properties, even though a realignment of
the particles from an orientation with the long axis parallel to the applied magnetic field
in the nematic phase to an orientation with the long axis perpendicular to the magnetic
field in the anti-nematic phase occurs. The mixed state of 20 vol%-suspension exhibits a
diffusive motion of the particles and different characteristics. A significant difference
was observed for ¢ = 16 vol%, where the original nematic state has a transition into the
anti-nematic phase via an intermediate state of the mixed phase, too. In contrast to the
behaviour at ¢ = 20vol% the underlying motion at ¢ = 16 vol% shows ballistic dynamics
only for the nematic state. At this concentration the mixed state and the anti-nematic
phase show both diffusive motions. The formation of different phases and underlying
microscopic dynamics are explained through the establishment of qualitative model
based on dipole-dipole interactions. The results obtained in this thesis describe the

structural properties of goethite suspensions and try to our knowledge for first time to
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link the microscopic dynamics of the platelets in the suspensions to their structural and

unusual physical properties.



Kurzfassung

In dieser Arbeit wurden die strukturellen Eigenschaften und die dazugehorige Dynamik
von Goethitesuspensionen, a-FeOOH Plattchen in Wasser unter Einfluss magnetischer
Felder untersucht. Im Bereich “smarter” Nanopartikel erwecken Goethitepartikel ein
hohes wissenschaftliches Interesse, da ihre Suspensionen ungewohnliche physikali-
sche Eigenschaften und ein vielfaltiges Phasendiagramm zeigen. Im Rahmen dieser
Dissertation wurden funf ausgewahlte Konzentrationen von Goethitesuspensionen un-
tersucht, die unterschiedliche Fliissigkristallphasen ausbilden sollten. In Magnetfeldern
unterschiedlicher Feldstarke wurden die mikroskopische Struktur und Dynamik der
Suspensionen mithilfe der Rontgenkleinwinkelstreuung (Small Angle X-ray Scattering
oder SAXS) und Rontgenphotonenkorrelationsspektroskopie (X-ray Photon Correlation
Spectroscopy oder XPCS) analysiert. Induzierte Flussigkristallphasen und Phasentiber-
giange wurden dabei auf Abhangigkeit von der Konzentration und der magnetischer
Feldstarke hin untersucht. Um die strukturellen Eigenschaften aufzuklaren, wurden
Ordnungsparameter, Elliptizitat sowie radiale und azimuthale Peakpositionen und
-breiten ausgewertet. Im Zuge der Untersuchung der zugrundeliegenden Dynamik der
Plattchen wurden die Relaxationsraten und die Form der Zeitkorrelationsfunktionen
analysiert. Die Ergebnisse haben gezeigt, dass eine partielle Reorientierung der Teil-
chen mit wachsender Magnetfeldstarke stattfindet. Diese Reorientierung, von einer
Ausrichtung mit der langen Teilchenachse parallel zum angelegten magnetischen Feld
zu einer Ausrichtung dieser langen Achse senkrecht zum magnetischen Feld, ist mit
den magnetischen Eigenschaften der Pldattchen verbunden. Die Analyse der Dynamik
hat gezeigt, dass die dazugehorigen Phasentuibergange konzentrationsabhangig sind.
Beim Ubergang von der nematischen zur anti-nematischen Phase bei einer Konzentra-
tion von ¢ = 20vol% wird eine gemischte Phase beobachtet. In der nematischen und
der anti-nematischen Phasen ist die Bewegung ballistisch und nur in der Mischphase
diffusiv. Trotz der Reorientierung der Teilchen ist die zugrundeliegende Dynamik in
der nematischen Phase und der anti-nematischen Phase bei ¢ = 20vol% sehr ahnlich.
Ein signifikanter Unterschied wird bei einer Konzentration von ¢ = 16 vol% beobachtet.
Die Suspension wechselt zwar auch von einer urspriinglich nematischen Phase iiber
einen gemischten Zustand in die anti-nematische Phase, aber, im Gegensatz zu dem

Verhalten bei der Konzentration ¢ = 20vol% zeigte die Supension mit der Konzen-
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Kurzfassung

tration ¢ = 16 vol% nur in der nematischen Phase eine ballistische Dynamik. Sowohl
die Mischphase als auch die anti-nematische Phase zeigten bei dieser Konzentration
Bewegungen mit diffusiven Charakter. Unterschiedliche Arten der Phasenubergange
und der zugrundeliegenden Dynamiken wurden mithilfe von qualitativen Wechselwir-
kungsmodellen erklart, bei denen Dipol-Dipol Wechselwirkung als Basis angenommen
wurde. Die Ergebnisse dieser Arbeit haben die vorliegenden Kenntnisse iiber die Struk-
tur von Goethitesuspensionen prazisiert und, soweit uns bekannt, zum ersten Mal die
mikroskopische Dynamik der Pldttchen in Suspension mit ihren strukturellen und

ungewoOhnlichen physikalischen Eigenschaften in Verbindung gebracht.
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1. Introduction

Suspensions of colloidal particles have been a topic of great interest in research
for more than a century. Many systems consisting of inorganic, polymer, core-shell
or anisotropic shaped particles are described [12, 53, 73]. Nevertheless, most often
the investigated systems are model systems, because they can be characterized more
accurately. Therefore, suspensions of spherical particles received more attention [46, 65].
In comparison, only a small number of anisotropic systems were investigated even
though suspensions of anisotropic particles often have a rich phase diagram [37, 46, 70,
71].

Because of possible uses in catalytic schemes, biotechnology and bio-medicine,
controlled colloid or "smart nanoparticle”" suspensions under the influence of a driving
force, e.g. an electric or magnetic field, received much attention in research lately
[43, 58, 60]. For these purposes, anisotropic colloidal systems with a rich phase diagram
are extremely interesting. A long-known system is based on goethite particles (a-
FeOOH). It was used for centuries mostly for colouring purposes, but its suspensions
are also used in the research of liquid crystalline phases. Goethite suspensions form a
variety of liquid crystalline phases (isotropic, nematic, smectic A, columnar and others)
[37, 40, 41, 42, 71]. Two particular properties of goethite suspensions are the particle
alignment parallel to an applied weak magnetic field and the realignment perpendicular
to the field after a critical field B,;; is exceeded. These properties are not completely
understood yet [41, 42, 69]. One reason is that suspensions of goethite platelets are not
perfect model systems, due to the high polydispesity of the particles and the complex
synthesis, which does not allow to control the axis ratio precisely.

Structural investigations of the goethite suspensions properties are numerous
[35, 36, 37, 38, 40, 41, 42, 49, 69, 70, 71, 72]. The aim of this thesis was to choose a
stable synthesizing method for a-FeOOH platelets under accessible conditions and
to investigate the structural and dynamical behaviour of suspensions of the produced
particles. To our knowledge it has not been tried to link the unique properties of goethite
suspensions to the microscopic dynamics of the platelets. Therefore our aim was that
the structural analysis would form a foundation for the analysis of the underlying
microdynamics of the platelets investigated by means of X-ray photon correlation

spectroscopy. This approach promises to deliver new hints towards the understanding
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1. Introduction

of goethite liquid phase formation and ultimately lead to new developments in the
promising fields of catalysis or biomedicine.

This thesis has been written as part of the research program at Deutsches
Elektronen-Synchrotron (DESY) - specifically at the synchrotron PETRA III as part of
the Inhouse program of the Coherence Beamline P10 and has the following structure.
Chapter 2 explains the experimental facilities, the beamline, the setup and the exper-
imental procedure. Beamline P10 required a new magnetic sample chamber, where
the magnetic field could be changed in amplitude and direction, as well as set to zero.
The development of such a system was included in the definition of this thesis and is
presented in Chapter 3, where the design and tests of the performance of the magnetic
sample system for Coherence Beamline P10 are depicted. After some discussion, a
fascinating physical system with not completely understood properties - goethite sus-
pensions - was chosen. The reaction of the system to the applied magnetic field allowed
to perform first scientific experiments on the newly designed magnetic sample system.
It was decided to study the properties of the sample system by means of small angle
X-ray scattering (SAXS) and X-ray photon correlation spectroscopy (XPCS) - standard
methods at P10. In order to find stable synthesis conditions for goethite platelets under
the available laboratory conditions several reaction methods were tried. The meth-
ods used and the respective outcomes are summarized in Chapter 4. The theoretical
overview of the methods used - small angle X-ray scattering (SAXS) and X-ray photon
correlation spectroscopy (XPCS), as well as the already known structural behaviour of
the goethite suspensions are presented in Chapter 5. The structural data taken in the
experiments with small angle X-ray scattering, its analysis, interpretation and results
are described in Chapter 6. The microscopic dynamics of the platelets in suspensions
was investigated using X-ray photon correlation spectroscopy. The analysis is shown
together with the respective interpretation and the according quantitative model in
Chapter 7. The results are summarized in Chapter 8 and prospective developments

and possible future experiments are presented in Chapter 9.



2. Instrumentation

X-ray radiation is widely utilized to study different properties of matter. Various
methods employing X-ray fluorescence, absorption, scattering and diffraction have
been developed to study structural, electronic and dynamical properties of materials.
Structural investigations of soft matter systems are often accomplished using the small
angle X-ray scattering (SAXS) method [25]. The recent development of synchrotron
sources and X-ray free-electron lasers have enabled the production of coherent X-rays.
These can be used to study dynamics in colloidal systems by X-ray photon correlation
spectroscopy (XPCS). This chapter describes the instrumentation needed for SAXS
and XPCS experiments at a synchrotron source. The experiments were conducted
at the Positron-Electron Tandem Ring Anlage III (PETRA III) synchrotron facility at
DESY Hamburg, which is briefly described in Section 2.1. The next section - Section
2.2, describes the Coherence Beamline P10. The SAXS and XPCS experimental setup
are depicted in Section 2.3. The SAXS and XPCS experimental procedure used in the

experiments, as implemented at P10 beamline for this thesis, is presented in Section 2.4.

2.1. The synchrotron source Positron-Electron Tandem

Ring Anlage lll

The development of X-ray sources is visualized in fig. 2.1. In order to describe the

properties of an X-ray beam a new quantity Brilliance was defined as:

Brilliance = F/(A-Q -0.1%BW), (2.1)

where F is the flux in photons/s, A is the area of the source in mm?, Q is the opening
angle of the source, which describes the divergence of the beam, and BW is the fixed
bandwidth, usually given in 0.1 %BW.

An electron moving in an infinite constant magnetic field B experiences a Lorentz
force. As a result of the acting Lorentz force an electron accelerates and moves in a
plane perpendicular to the applied magnetic field B. The path of the electron is then
circular. An electron in a synchrotron arc experiences constant acceleration and thus

radiates continuously through the entire orbit. The radiation emitted by a relativistic
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2. Instrumentation

electron is concentrated in a collimated cone. Even though an electron radiates along its
full circular path, the observer, positioned at a tangential point of the arc, can see the

radiation only when the electron passes the arc at this tangential point.
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The emitting direction of the electron is the direction of the instantaneous velocity
of the electron and the opening angle of the cone is y~! = m,c?/E,, where m, is the
mass of an electron, c is speed of light in vacuum and E, is the energy of an electron.
An outstanding feature of synchrotron radiation is the ability to cover the frequency
range between infrared light and hard X-rays, which provides multiple experimental
possibilities.

The most efficient way to produce X-rays is to insert magnetic devices in straight
sections of a synchrotron, which force the electrons to execute oscillations in the
horizontal plane. This behaviour is enforced by an array of permanent magnets, which
produces an alternating magnetic field along the path. The field changes the sign along
the path of the electrons. These devices are known as wigglers and undulators.

Wigglers and undulators share a similar design, but the oscillations in an undula-
tor have a lower amplitude. An undulator, as implemented in the PETRA III facility, is
characterized by ! and the spatial undulator period A,. In order to characterize the
amplitude of the oscillations the K parameter is used, defined as K =e- By/(m,-c-k,),

where e is the elementary charge. B is the peak magnetic field in the undulator and
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2.2. The Coherence Beamline P10 at PETRA III

k, =2m/A,. K is describing the maximum angular deviation from the undulator axis
and measures the interaction of the electron beam with the peak magnetic field B,.
The fundamental wavelength of an undulator is proportional to its spatial period.

The wavelength of an undulator is defined by:

/\u 2 2
= 1+K</2 . 2.2
Ay 2”7/2(+ /2+0%y?) (2.2)
The resulting spectral width is then
AX  AE 1
TTE SN (2.3)

Here n is number of the undulator harmonics, 6 is the observation angle and N is
number of the undulator periods. These values are directly influencing the brilliance,
which again is used as a measure for the quality of the beam produced by a synchrotron.

PETRA III is a new 3rd generation synchrotron source at DESY, which operates
since 2009 (fig. 2.2, left shows a aerial view). PETRA III is currently the most bril-
liant third generation synchrotron radiation source of the world with a brilliance of
102! ph/(s*mm *mrad # 0.1%BW) [14]. The PETRA III experimental hall has a length
of nearly 300m and an area of 7000m?. It currently houses 14 beamlines and 30

experimental stations, which are schematically shown in fig. 2.2 on the right.

P05 /P06

Figure 2.2.: Aerial view of the PETRA III ring on the left and schematic position of the beamlines
in the PETRA III hall on the right [15].

2.2. The Coherence Beamline P10 at PETRA Il

The Coherence Beamline P10 is located in sector 7 of PETRA III. The coherent flux at
the beamline is displayed in table 2.1 [74].

The source of the beamline is a 5m-long U29 undulator with 168 periods. The
spacing between individual magnets is 29 mm. The source size was 0, x 05, = 6 x 36 yum?
and after the PETRA III extension in 2014 increased to o, x 05, = 8 x 41 um?. P10 can
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2. Instrumentation

Table 2.1.: Photon flux at P10 at E = 8keV and according longitudinal coherence length [74].

AM/A ojlpm] | Flux.y | Energy [keV]
1-107*(Si(111)) | 1.5 |2.3-10" 8
3-107°(Si(311)) | 5.0 6-101° 8

provide an energy range between 3.8keV (limited by a minimum opening gap of the
undulator of 9.8 mm) and 30keV.

The Coherence Beamline P10 is dedicated to coherent scattering and diffraction
applications using inter alia XPCS and coherent diffraction imaging (CDI) techniques.
The combination of the low emittance of the PETRA III source and the versatility of the
available instruments gives an outstanding opportunity to perform experiments with
coherent scattering techniques in the medium-hard X-ray range. XPCS is the extension
of Dynamic Light Scattering (DLS) from the visible light to the X-ray regime. The
method allows to study dynamics of matter on length scales not accessible by visible
light and frequencies not accessible by inelastic neutron scattering or inelastic x-ray
scattering techniques [26]. CDI is an imaging technique which uses coherent diffraction
intensities for ab initio reconstruction of the electron density of nanomaterials using
phase retrieval algorithms [45].

The beamline and supporting infrastructure are depicted in fig. 2.3 and consists
of the front-end, the optics hutch and two experimental hutches. It includes supporting
units such as mechanical workshop, preparation and electronics laboratories. The core
of the beamline consists of a front-end, where two power slits systems PS1 and PS2 are
installed, an optics hutch (OH) and two experimental hutches: experimental hutch 1
(EH1) - at a distance of = 67 m from the source and experimental hutch 2 (EH2) at a

distance of ~ 83m from the source.

[=—108m

1 o =+ R =L il

Store M-lob  P-lob 2 Exp Hutch (EHZI Control Hutch iCHZ) 1 Exp. Hufch IEHTI Control Hutch CHIF  AFM Hutch Dptic Hutch 10HI
Pi0 P Fi0 0 for EH2 F10 for EH1 PO&IPOIIPI0 i}
Pl P10

Figure 2.3.: Layout drawing of P10 beamline [74].

At ~ 38m from the source in the optics hutch a high heat load monochromator

is installed. At the moment there are two options for the monochromator - a Si(111)
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2.2. The Coherence Beamline P10 at PETRA III

double crystal monochromator and a single crystal Si(111) channel-cut monochromator.
For the experiments presented in this thesis the Si(111) double crystal monochromator

was used.

After the monochromator a pair of horizontal reflecting mirrors is installed. They
have a radius r > 100km and are partially coated with stripes of Pt and Rd to provide

adjusted cut off energies for higher X-ray energies.

The experiments described in this thesis were performed in the experimental
hutch 2 (EH2). It begins at ~ 83m distance from the source and is 12m long. Some
optical elements are positioned on an optical table called OT2. These elements are:
pink-beam compatible slits (Galil 2), an intensity monitor, a beam-deflecting unit (BDU)
and Beryllium compound refraction lenses (CRL) transfocator optics. The beryllium
lens changer consists of a vacuum chamber with 12 slots containing individual lens
stacks consisting of CRLs made out of beryllium. It is positioned at 1.57 m upstream of
the sample and can be adjusted by +140mm. A 2 — 5 ym focal spot size can be achieved
at the sample position for energies between 5 and 18keV with help of these beryllium
lenses. The BDU unit can be used optionally and allows the adjustment of the incident

beam angle (e.g. for studying liquid surfaces) by using a pair of Ge crystals.

./ ‘ EEEE e e 3

- Downstream gate valve

Figure 2.4.: Image of the sample chamber at EH2. The sample chamber is mounted on the
diffractometer stage. Some additional elements have been marked. The operative coordinate
system at the beamline is indicated [74].



2. Instrumentation

After OT2 a sample diffractometer stage is installed, which allows precise po-
sitioning of the sample in the beam. The sample chamber is mounted onto a X-Y-Z
translation stage located on top of a 4-circle diffractometer in horizontal geometry
as shown in fig. 2.4. The coordinate system used at the beamline is shown in fig. 2.4.
X-direction is parallel to the beam with positive direction facing away from the source.
The z-direction is perpendicular to x-direction in the vertical plane. The y-direction is
perpendicular to x-direction in the horizontal plane.

The sample chamber is directly connected to the 5m long flight tube, which is
installed after the sample chamber. The sample area is separated by gate valves from
the upstream and downstream to allow a windowless operation in vacuum (see fig. 2.4).
Upstream of the sample chamber a pair of JJ X-ray slits ("SLT1" and "SLT2") are mounted
on a separate Y-Z table. J]J slits are used as the final beam defining slits in the case of the
unfocused beam. The exit opening of the tube has a diameter of 240 mm and is covered
by a 125 um thick Kapton foil. A beamstop and a silicon diode are placed inside the
flight tube. The beamstop can be adjusted horizontally and vertically. At 5 m distance
behind the sample a detector positioning table is installed on a long translational stage
in EH2. The detectors are mounted on this table. For the experiments in this thesis a
PILATUS 300k and a LAMBDA detector were used [74].

2.3. The sample environment and experimental setup
at P10

The described setup in EH2 of P10 beamline allows to perform high resolution
SAXS and WAXS experiments in transmission and reflection modes. In this thesis
experiments using standard SAXS and XPCS in SAXS geometry were performed. These
setups implemented the sample environments shown in fig. 2.6. The standard SAXS

sample environment is positioned in EH2 at a distance of 87.8 m from the source.

Figure 2.5.: The vacuum chamber of the 4-circle setup. Left - side view of DN100 cube and right
- top view of DN100 cube



2.3. The sample environment and experimental setup at P10

The main part of the sample environment is a DN100 cube with an edge length
of 6in and openings with diameter of 4in, which is shown in the fig. 2.5. This cube is
sealed with flanges during the experiment and is connected to the beamline vacuum via
a 6-way cross and two DN40 bellows, which allow to move the cube separately from
other parts of the beamline. It is mounted on a combination of Huber 440 and 430
goniometers and can be translated in x, y and z direction and rotated around x- and
y-axis. The cube is connected to the 170mm x 170 mm goniometer stage with a spacer,
which is designed to place the centre of the cube in the centre of the rotation of the
goniometer stage. The centre of the DN100 cube is mounted at a typical distance of

5050mm from the detector stage.

Upstream of the cube three slit systems are installed. The guard (G) and beam
defining (BD) slits are positioned at a distance of 250mm and 800 mm from the centre
of the cube respectively. Upstream before the slits a DN40 gate valve is installed. All the
slits are integrated into a shared vacuum. Downstream after the 6-way cross a DN100

Figure 2.6.: Images of the standard sample insert. Top left: the drawing of the standard sample
insert; top right: photo of the standard sample insert before operation and at the bottom: drawing
of the standard sample insert with mounted holder for permanent magnets.



2. Instrumentation

gate valve is installed. The gate valves allow to separate the cube from the vacuum
in the beamline and the flight tube and to change samples or sample inserts within
minutes. The standard samples allow to keep the beamline aligned, while offering a
flexibility in setting of the external parameters at the sample.

Two kinds of magnetic sample inserts were mounted on the cube in the experi-
ments performed for this thesis. A standard sample holder with and without permanent
magnets and a specially designed magnetic insert with electromagnets. The standard
sample holder, shown in fig. 2.6 in the top row, mounts from top to hold sample capil-
laries as and consists of a solid copper block connected to a CN100 flange. The flange is
thermally isolated from the copper block by a Peltier element, which can be used for
heating or cooling. Two impedance heaters (IH) are mounted to the copper block and are
used to control the temperature. Additional cooling, as needed for stable temperature
control, is provided by tubes (SC), which can be connected to a water chiller and remove
heat from the sample chamber.

The temperature is measured via two Pt100 elements mounted inside the copper
block and processed by a Lakeshore 340, which controls the temperature. All electric
elements are connected to a Lakeshore 340 via a 9-pin vacuum compatible connector
(VC). The holder for permanent magnets with spacers can be attached to the copper
block, allowing to use a magnetic field between 180mT and 900mT perpendicular to
the beam in the x-y plane.

The sample insert for a magnetic system with variable field, which was designed

as part of this thesis, will be explained in detail in the next Chapter.

2.4. Experimental parameters

The SAXS/XPCS experimental setup of beamline P10 as described above was
used to perform the experiments of this thesis. The samples used in the experiments
were goethite nanoparticle suspensions, therefore the X-ray energy used in all of the
experiments was set to 7.05keV - below the iron edge at 7.112keV. The XPCS measure-
ments were carried out with a beam size ranging from 15 x 15 ym? to 25 x 25 ym?. For
the SAXS measurements the slits could be opened up to a size of 150 x 150 yum?. The
sample-detector distance was 5050 mm.

All the samples used in the measurements were filled into 0.7 mm thick capillaries
with wall thickness of 0.007 mm. The capillaries were sealed vacuum tight with glue.
The measurements were performed at temperatures in the range of 275K to 355K. For
SAXS measurement a PILATUS 300k detector with pixel size of 172 ym x 172 ym was
used. Typically SAXS measurements were used in order to collect information on the

form and structure factor of the suspensions. For every experimental dataset scattering
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2.4. Experimental parameters

patterns of the solvent only - water - were taken, which were later used for background
correction. The exposure time in the SAXS experiments varied from 0.002s to 10s. For
the experiments performed to evaluate the dynamic response of the suspensions to
applied magnetic fields and temperature changes, shorter exposure times were chosen.
The Q-range was limited by the detector and the beamstop. For the SAXS measurements
using a PILATUS 300k the typical Q-range was 0.002 A <Q<0.0387"

For the XPCS experiment a Medipix based LAMBDA 700k detector was used. It
has a pixel size of 55 ym x 55 ym and respective dimensions of 516 x 1556 pixels. The
exposure times with this unit were usually 0.002s in order to capture the fast dynamics.

In order to repeat an experimental protocol with identical parameters, macros
were used to switch the field and to control the temperature. If the samples showed very
slow dynamics, series of images with delay time between them were used. In order to
prevent beam damage the beam position on the sample was changed after every data
series acquisition. Additionally absorbers were used to prevent beam damage at the

sample and to prevent overexposure of the detector.

11






3. Design of a magnet system for

Coherence Beamline P10

The Coherence Beamline P10 provides a variety of sample inserts for the sample
chamber, which allows to change a high number of experimental conditions. In order
to accomplish the goal of this thesis and to extend the beamline capabilities an ad hoc
magnetic system with varying magnetic field was designed. It consists of a combination
of electromagnets and a specially designed sample insert.

The design goal was to allow to control the temperature in the range of 0—200°C
and the magnetic flux B at the sample. Specifically, it should be possible to set the
magnetic flux B to zero and to tune its amplitude and the direction from —-100mT to
100mT both perpendicular and parallel to the beam. The magnetic flux should have the
specified value at the position of the sample and cover the volume of the sample in the
beam as uniformly as possible.

This chapter is organized as follows: Section 3.1 depicts the theoretical framework
for the construction of the magnetic system, Section 3.2 describes the magnetic system
implemented at the beamline and in the Section 3.3 the measurements, which tested

the performance of the chamber, are described.

3.1. Theoretical estimation of the achievable magnetic

field at the sample

A schematic view of developed electromagnet is shown in fig. 3.1. The magnetiza-

tion force of a solenoid H, can be calculated using [4]:

0.5-N;-I ls—
HS = Z | 1 . - + 1 ’ (31)
i s \/ri2+a2 \/r1-2+(ls—a)2
where [ is the electric current, N; the number of loops per layer of the solenoid and
i is the number of layers. [; is length of the solenoid, while r; denotes the radius of
the respective layer of the solenoid. The minimum radius of the solenoid layers is

equal to the radius of the core of the yoke plus half of the thickness of the wire used:
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3. Design of a magnet system for Coherence Beamline P10

Twin = Teore + Twire- It Was assumed that a = [;/2, which means that the field is induced in

the centre of the solenoid. The equation 3.1 is valid for a solenoid without core.
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Figure 3.1.: Schematic view of the solenoid wound around a core with attached yoke pieces. The
dimensions (in mm) of the components are displayed.

To calculate the magnetic flux density in the center of a solenoid without a core
By = poH, can be used. The magnetizing force of an solenoid with r,,;, = 10.5mm,
Tmax = 30.5mm, i = 20 and N = 57 was calculated to H; = 200 Oe, which should provide
a saturation flux density of B; = 1.3 T in the yoke.

In the design at hand a core was used and therefore the equation Bs = y,puoH, has
to be used. Then the flux density in the air gap is given as [4]:

ls VOHsls

b= B T i ) Uporel eI 52

lyoke is the length of the yoke and I, is the width of the gap. According to this equation a

magnetic field strength of By ~ 170mT is expected for p, = 7000.
The relative permeability p, of the core and the size of the gap I, have high
influence on the value of the magnetic flux in the gap B,. The higher the value of the

relative permeability and the smaller the length of the gap, the higher is the flux in the
gap.

3.2. The implemented magnetic sample system

The layout of the beamline P10 and the standard sample environment define
limitations for the design of the switchable magnetic sample insert. The standard sample
chamber at the beamline is mounted on an X-Y-Z translation platform of a 4-circle

diffractometer. The central piece of the sample chamber at P10 is a vacuum DN100
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3.2. The implemented magnetic sample system

cube with a side length a = 6in (152.4mm) and openings on the faces of the cube with
d =4in (101.6 mm), as shown in fig. 2.5 in Chapter 2. These dimensions define the main
geometrical limits for the design of a new insert with the possibility to vary a magnetic
field. The design is based on electromagnets and consists of two parts: a solenoid with a
metal core and attached yoke, which provides magnetic field, and the sample insert
with cooling. Yokes were used to redirect the induced magnetic flux towards the sample
position. Several possible variations of the design were discussed before the final design

was chosen, which is shown in the fig. 3.2.

DN100 cube

Flange with glued yokes
Flange with sample insert
Long yoke

Short yoke with hole for beam
Solenoids

Pipes for cooling liquid
Adapter to goniometer stage

o ol e ol Sl o

Figure 3.2.: Magnetic sample system for variable magnetic field at P10. Top: complete sample
environment with part numbers on the left and description on the right side. Central row:
the two key elements of the setup: left - the flange with attached yokes; right - the sample
insert (AB - aluminum block, IH - impedance heater, SC - sensor cable connector, VC - vacuum
isolated couplings for cooling liquid). Bottom: left - photograph of the flange with yokes; right -
photograph of the sample insert.
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3. Design of a magnet system for Coherence Beamline P10

The whole construction is placed on an adapter (number 8 in fig. 3.2, on top),
which is attached and centred on the X-Y-Z platform on the 4-circle diffractometer.
As shown in fig. 3.2 on the bottom left the main part of the setup consists of two
solenoids positioned outside of the sample chamber one above the other with the long
axes perpendicular to each other. The solenoids were wound directly at the core, and
fixed with aluminium discs on the edges. Two long parts of the yoke are attached
perpendicular to each core. These four long parts run through the flange, which seals
the vacuum inside the DN100 cube and are glued into it. To each of the four ends of the
yokes a short piece with a pole is attached parallel to the core of the respective solenoid.
The yokes and small pieces redirect the magnetic flux induced by the solenoids to the
gap. The cylindrical shaped poles guide the magnetic field into the gap and therefore to
the sample position. One of the yokes (the shorter one) has a hole, making it possible, to
direct the X-ray beam parallel to the magnetic field induced by the solenoid. Therefore
the final design allows to induce magnetic flux B parallel and perpendicular to the X-ray
beam.

The distance between the point of interaction and the start of the hole is [,/2 =
4.5mm. There are two holes inside each short piece with a pole cap, positioned directly
behind each other and forming a “cone”, which leads the field to the gap. The first one
has a radius r; = 1 mm and length I; = 17mm and the second one, positioned behind
the first, has a radius r, = 2mm and length I, = 30 mm. The maximal angle accessible
for Small Angle X-ray Scattering (SAXS) through these holes is:

Omax = arctan(ry/(lg/2 + 1y + 1)) = 2.23°. (3.3)

ARMCO pure iron with iron content of 99.85% was used as the material for
the solenoid cores and the yokes. It has relative magnetic permeability u!*° < 7000
and saturation magnetization of By,; = 1.6 T. The diameter of the solenoid cores was
dcore = 20mm. Copper wire with a diameter d,;,, = 1 mm insulated with capton was
used to manufacture the coils. The number of windings N is Ny = 525 on the short yoke
and N; = 803 on the long yoke. Both solenoids have a length of / = 57 mm.

The design presented above guides the induced magnetic flux to the gap where
the sample is placed. The placement of the solenoids outside of the vacuum allows
much easier cooling, which was implemented through air cooling provided by fans. It
left enough space for the magnetic system and the temperature control inside vacuum.
The direct mounting of the yokes into the flanges made the construction very stable
without the need for additional supporting elements.

In order to complete the magnetic system a sample insert was designed as shown
in figure 3.2 on the right in the centre and in the bottom row. It consists of a flange

with attached connections for heaters, Peltier elements, bipolar Kepco power supply
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3.3. Performance of the sample system

and Lakeshore 340 for temperature control. The in- and outlet for the water cooling are
positioned on the outer side of the flange, too. On the vacuum side the sample holder
consists of a Peltier elements, a block of aluminium with inserted temperature sensors
and heater elements, as well as the capillary holder and a hole for the X-ray beam. The

heat system allows to reach temperature in the range from 9 = -10° to ¥ = 200°.

3.3. Performance of the sample system

The performance of the magnetic system was tested by measuring the flux density
at the sample position between the yokes. The field was measured with a Teslameter
mounted on a stage, which could be moved in all three directions. The measurements
were performed in air and at room temperature, varying the current in the range

I =-4.8 —4.8A. The results of the measurements are shown in fig. 3.3.
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Figure 3.3.: Scans of the magnetic field. s. - for short yoke, 1. - for long yoke. The axes are defined
in fig. 3.2. Left: Scans at the edge of the yoke: black squares and blue triangles pointing up -
along y-direction for respective short and long yoke; red circles and magenta triangles pointing
down - along z- and x-directions respective for short and long yoke. Right: Scans in center of the
gap. Black squares - short yoke along y-direction; green diamonds - short yoke along x-direction;
red circles - long yoke along x-direction; blue triangles - long yoke along z-direction. The scans
of long yoke along y and x give the same values as respective scans of short yoke along y and z.
The area between dashed lines represents a size of a standard capillary.

On the left the magnetic field generated at the pole pieces is shown. The scans
were performed along y- and x-directions (in blue and magenta respective) for the
longer yoke without hole and along y- and z-axis (in black and red respective) for the
shorter yoke with hole, as shown in fig. 3.2. The scans are divided in two groups. In
the first group the scan was limited by the caps of another yoke (x-direction for longer
yoke and z-direction for shorter one) and in the second group the scan was not limited
(y- direction for both yokes). The scans show the similar shape for high deviation from

centre position = 0mm for both groups. The scans across the cap of the shorter yoke
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3. Design of a magnet system for Coherence Beamline P10

show the drop of the values at the central position, which clearly arises from the hole.
The value during the scanning towards the edge of the cap grows continuously.

To measure the field distribution in the centre of the gap, the field was set to
B =90mT (see fig. 3.3 on the right). Afterwards the field distribution was scanned. The
black scan shows the measurement in y-direction and red scan in x-direction. The scans
for both yokes in the center of the gap showed the same values. Therefore only one
scan along a respective direction is shown. Y - direction is equal for both yokes, while
z-direction for short yoke corresponds with x-direction for the long one and vice versa.
If the field parallel to the beam is set to B = 90mT in the centre of the gap it drops while
moving the sensor out of the centre. Even though the curves behave differently the most
important property is that the value of the magnetic field stays the same in the centre,

where a sample capillary would be positioned.
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Figure 3.4.: On the left: hysteresis of the magnetic sample system; on the right: same data in the
linear area with linear fits

If the scan is performed along the field (in-plane), it measures the deviation of
the field along the applied field. The field has a higher value at the cap and drops during
movements of the sensor towards the centre of the gap. This is shown respectively for
short yoke with hole with the blue triangles and the long one without hole with green
diamonds. Because of the hole in the cap of the short yoke the maximum value of the
magnetic field is not directly on the cap, but at distance a = 3 mm before. After that the
field drops to a constant value.

The graph in fig. 3.4 on the left shows the hysteresis of the yokes in both directions.
The results of the hysteresis measurements are perfectly reproducible, so the chamber
can be used to perform the experiments.

With the new sample environment the flux densities of B = 125mT parallel to
the beam and B, = 110mT perpendicular to the beam are achievable. These values
are deviating from the theoretical values by a factor 0.74 and 0.65 respectively. The
differences could arise, because the yokes are built of several parts or because the
solenoids do not provide the expected magnetizing force. The material of the yoke

showed the typical hysteresis behaviour.
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4. Synthesis and characterization of

goethite « — FeOOH samples

The sample systems used for the experiments described in this thesis were col-
loidal suspensions of goethite (a-FeOOH) in water. Goethite is a mineral, which was
already used in prehistoric times as a pigment. Nowadays it is still mainly used for this
purpose in industrial processes [59]. Modern research of solution phase chemistry in-
duced new interest in lyotropic liquid crystal systems, which are formed by suspensions
of mineral nanoparticles.

a-FeOOH platelets are not commercially available and were thus synthesized
single-handedly. Goethite is a well studied system. Several synthesizes approaches
are available, but nevertheless it is not possible to precisely control the shape, size
and size ratio of the platelets. This results in a high polydispersity of the synthesized
particles. Therefore goethite colloidal suspensions form different phases and have a rich
structural phase diagram as a function of concentration ¢ and temperature ¥ and show
additionally a high sensitivity to an applied magnetic field B [41, 42].

4.1. Different approaches to synthesize goethite

platelets

In literature several approaches to synthesize goethite nanoparticles are described.
One task of this thesis was to find a method, which would deliver goethite platelets
as end product reproducibly under accessible laboratory conditions. Several known

approaches were tried and their outcomes were compared.

4.1.1. Synthesis of Goethite platelets by Olowe et al. and Gilbert et

al.
A study focusing on the synthesis of goethite was performed by Olowe et al. [48].
This synthesis only involves the educts melanterite (FeSO4- H,O) and sodium hydroxide

(NaOH). It has several tunable parameters: concentration of melanterite solution,

concentration of sodium hydroxide solution, stirring speed and time of the reaction.
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4. Synthesis and characterization of goethite « — FeOOH samples

This process also has several end products like magnetite, goethite and lepidocrocite,

depending on the chosen reaction conditions.

In order to start a synthesis Olowe et al. prepared 100ml of melanterite and
mixed it gradually with 100ml of sodium hydroxide while stirring. In this investigation

the main focus was laid on the outcomes of the reaction depending on its conditions -

. _ ¢(FeSO4-H,0) _ c(Fe**) _ ¢(SOT) _ x . C L
the ratioR = ((NaOH) = c(OF7) = c(OH7) = y and the time of the oxidation.

A basic reaction described by Olowe et al. was chosen also later by Gilbert et al.
to synthesize goethite particles [23]. Here both procedures have been followed. Goethite
is favorably synthesized in presence of large excess of either OH™- or Fe?*-ions. These
conditions correspond respectively to the ratio values R = 0.2 and R = 2.5. Therefore,
the two following reactions promised the highest goethite production under respective
conditions of 9 = 25°C, ¢(FeSOy,-7H,0) = 0.15mol -17!, ¢(NaOH) = 0.75mol - 17! and
thus R = 0.2 and 9 = 45°C, ¢(FeSO,4-7H,0) = 0.5mol -1}, ¢((NaOH) = 0.2mol - 1! and
thus R =2.5[23, 48]:

x-FeSO4+(2x+y)-NaOH — x-Fe(OH)y+x-NaySO4+y-Na" +y-OH™
—> x-FeOOH +x-NaySOy4+y-Na" +(y—x)-OH +x-H,O+x-e”, (4.1)

for R < 0.5 and excess of OH -ions and

x-FeSO4+2y-NaOH—>y-Fe(OH)2+y-NazSO4+(x—y)-Fe2++(x—y)-SO4_
— GR2 —> y-FeOOH+y-Na,SO4+(x—y)-Fe* +(x—3y/2)-SOF +v/2-H,SO4+v/2-¢,
(4.2)

for R > 0.5 and excess of Fe?*-ions. Here GR2 is green rust.

For both reactions 100ml of FeSO4-7H,0 in H,O and 100ml of NaOH in H,O
had to be mixed. The stirring speed was set to 760rpm.

Gilbert et al. point out that the exact nature of the final products depends on
several conditions, such as the concentration of the reactants, the concentration ratio
R = c(Fe?*/(OH™), the temperature, the stirring speed and the nature of the Fe(Il) salt.
Goethite is only one of the possible products. In order to be able to study the magnetic
properties of goethite it has to be assured, that during the synthesis no other magnetic

phases as magnetite, maghemite or hematite are synthesized.
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4.1. Different approaches to synthesize goethite platelets

4.1.2. Synthesis of Goethite platelets by Krehula et al.

Another approach to synthesize goethite was proposed by Krehula et al. [32].
This synthesis procedure has the big advantage of flexibility, because Krehula et al.
proposed 7 different approaches at varying conditions. The basic reaction involves
FeCl;- H,O and Tetramethylammonuimhydroxide (TMAH). The preparation of the
reaction is straight-forward. A prepared solution of TMAH is added to a solution of
FeCl;- H,O and is then stirred for the needed time at the according temperature. The
possible conditions, which are leading to goethite as end product, are described in table
4.1.

Method | 2M FeCl3 | 25 % w/w TMAH | H,0 d[°C] aging time
1 5ml 25ml 70ml | room temperature 1d
2 5ml 25ml 70ml | room temperature 21d
3 5ml 25ml 70ml 60 1d
4 5ml 25ml 70ml 60 21d
5 15ml 75ml 10ml 60 7d
6 2ml 10ml 28ml 160 2h
7 2ml 10ml 28 ml 160 3d

Table 4.1.: Reaction conditions for the synthesis of goethite as proposed by Krehula et al.

Methods #6 and #7 from table 4.1 were ruled out, due to the high synthesis
temperature. Methods #2, #4 and #5 were also excluded, because Thies-Weesie et al.
proposed similar method based on the method proposed by Krehula et al., which did
not involve highly higroscopic and thus much more difficult to handle iron chloride.
The method proposed by Thies-Weesie et al. is explained in following, nevertheless its
running time was 9 to 12 days. Therefore methods #1 and #3 would allow to decrease

the preparation time significantly and were tried.

4.1.3. Synthesis of Goethite platelets after Thies-Weesie et al.

Thies-Weesie et al. proposed a different synthesis based on the methods proposed
by Olowe et al./Gilbert et al. and Krehula et al. [23, 32, 48, 65].

Room temperature synthesis For the synthesis of goethite platelets at room
temperature 1 M of NaOH was added to 0.1 M aqueous solution of iron nitrate Fe(NO3)3.
The whole process was carried out under vigorous stirring till the pH of the resulting
suspension reached 11-12. Immediately after addition of the base a dark red brown
precipitate formed. The suspension was aged for 9 days. During this time the colour of
the suspension turned from dark red-brown to the ochre of goethite. After 9 days the
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4. Synthesis and characterization of goethite « — FeOOH samples

supernatant was removed and fresh water was added. The suspension was homogenized
and centrifuged at 5500 rpm for 35 minutes. Again the supernatant was replaced by
water and the suspension was homogenized for a second and third time. Finally the
precipitate was dispersed in 3M HNOj in plastic tubes to positively charge the particles.
The suspension was homogenized and centrifuged at 10000 rpm for 25min. After that
the acidic supernatant was replaced by water and the steps were repeated two more

times in order to obtain a stable goethite solution in water at pH = 3 [65].

High temperature synthesis Here an adjusted method was followed, which
is based on forced hydrolysis method described by Krehula et al. For this synthesis
iron nitrate was used. To a solution of (0.106 — 0.190)M Fe(NO3)3- 9H,O in 70ml of
water 25ml of 25vol% TMAH was added under vigorous stirring. This resulted in a
very dark mixture. After stirring for 30 min the solution was heated to 8 = 100°C. The
higher the chosen temperature the faster the formation of goethite occured. The mixture
was left under these conditions for 12 days. Finally the particles were precipitated by
centrifugation and the supernatant replaced by water after stabilizing with nitric acid

as described in the section before [65].

4.2. Evaluation of the synthesis products

Particles obtained from different methods were evaluated with X-ray diffraction
(XRD) and transmission electron microscopy (TEM) at the University of Hamburg,
department physical chemistry. XRD measurements were performed with a powder
diffractometer Panalytical MPD X'Pert Pro. TEM measurements were performed with
HTTEM Phillips CM 300.

4.2.1. Results and discussion of the synthesis of goethite platelets

after Gilbert et al.

Because Gilbert et al. and Olowe et al. used very similar methods and the method
used by Gilbert et al. was based on the synthesis proposed by Olowe et al., only the
method proposed by Gilbert et al. was carried out [23, 48]. The results of the XRD
analysis of the end products produced by the synthesis proposed by Gilbert et al. are
shown in fig. 4.1. The result of a synthesis at 9 = 45°C are shown on the left and the
results of two different attempts at 9 = 25°C are shown on the right.

The synthesis at 9 = 45°C resulted in magnetite. A possible explanation for the

outcome of the reaction at 9 = 45°C would be a instability of the temperature in the
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Figure 4.1.: Results of the XRD analysis of the end products of the synthesis protocols proposed
by Gilbert et al. [23] Left: In black the XRD data obtained from the batch produced on 02.07.2013
at 9 = 45°C and in green the magnetite reference from ICSD. Right: in black and violet the XRD
data obtained from batches produced on 02.03.2013 and 03.07.2013 at 9 = 25°C respectively
and in blue the goethite reference from ICSD.

laboratory setup. Also deviations of the ratio of reactants R, impurities or age of the
used chemicals, could have caused the result.

Two attempts were performed at room temperature. Both resulted in goethite,
which is shown in fig. 4.1 on the right. The reactions proposed by Olowe et al. and
Gilbert et al. depend on many parameters and could result in the different compositions
of the end products. Even slight deviations of the starting conditions could change the
outcome of the reactions. Therefore it was decided to look for a more reproducible

synthesis procedure.

4.2.2. Results of the synthesis of the goethite platelets after

Krehula et al.

The end products of the methods #1 and #3 by Krehula et al. were analysed by
XRD [32]. An example of the outcome is shown in fig. 4.2.
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Figure 4.2.: XRD data of the synthesis product
" of method #3 by Krehula et al. [32]
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The analysis of the XRD data of method #3 shows that methods #1 and #3 after
Krehula et al., which delivered similar data, were not successful. The shape of the curve

allows the conclusion that no crystals of significant size have grown in the solution. A
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4. Synthesis and characterization of goethite « — FeOOH samples

reason might be that the time of the reaction was not long enough, as for example in
methods #2 and #4 of table 4.1.

4.2.3. Results of the XRD- and TEM-analysis of the synthesis by

Thies-Weesie et al.

The products of the reactions by Thies-Weesie et al. were analysed by XRD- and
TEM [65]. The results of the XRD-analysis are shown in fig. 4.3.
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Figure 4.3.: Results of XRD analysis of the end products of the approaches proposed by Thies-
Weesie et al. [65] Left: in black the XRD data obtained from the batch produced at high
temperature of ¥ = 100°C and in red the hematite reference from ICSD. Right: in violet, black
and brown the XRD data obtained from batches produced in the first attempt, second attempt
and third attempt at room temperature respectively and in blue the goethite reference from
ICSD.

The approach at high temperature promised the fastest reaction, therefore the
reaction at ¥ = 100° was chosen, but failed. The end product of this synthesis was
hematite, as proven by XRD (see fig. 4.3, left). An explanation could be a change in the
synthesis process we had to make. Thies-Weesie et al. proposed to put a hermetically
closed bottle in a preheated oven. The safety of such approach could not be guaranteed,
so we used reflux and an electrical heater. Therefore it was difficult to establish the
stability of the temperature for several days in a row as needed.

There were three attempts to produce goethite using the room temperature
method as proposed by Thies-Weesie et al. The results are shown in fig. 4.3 on the right.
The syntheses at room temperature delivered reproducible results and the end product

was goethite in all cases.

4.2.4. Goethite synthesis summary

To produce goethite platelets in a reproducible manner several synthesis routes
were evaluated. The basic approach proposed by Olowe et al. and Gilbert et al. was tried
[23, 48]. Only the reaction at 9 = 25°C delivered goethite as end product reliably. The
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4.3. Characterization of the goethite particles

approaches #1 and #3 (see table 4.1) proposed by Krehula et al. were also tried, especially
due to the promising short duration of the syntheses [32]. However, no crystalline
structure was detected. A probable cause might be the short reaction time. The reactions
proposed by Thies-Weesie et al. were tried last [65]. At high temperature Thies-Weesie et
al. proposed an adaptation of the reactions proposed by Krehula et al. with much shorter
synthesis time. The high temperature reactions didn’t deliver the desired results. The
reaction at room temperature showed reproducible and stable results. Also it needed
no highly toxic TMAH as reagent and took only 9 days. Additionally it run at room
temperature, which made temperature control unnecessary.

As a result the reaction at room temperature as proposed by Thies-Weesie et al.
was chosen for further experiments. Despite its long synthesis time it delivered stable
and reproducible results. The synthesized particles were investigated by TEM to ensure
the right shape. Two of the resulting batches are shown in fig. 4.4 - batch 10102013rT
on the left and batch 22052015rT on the right. Both show goethite particles of typical

platelet shape and dimensions in the nanometer range.

Figure 4.4.: TEM images of goethite particles from two different batches. Left: TEM image of
the particles synthesized in batch 10102013rT on 10.10.2013 at room temperature. Right: TEM
image of the particles synthesized in batch 22052015rT on 22.05.2015 at room temperature.

4.3. Characterization of the goethite particles

The dimensions of particles from all available TEM images were determined by
evaluating the images. In fig. 4.5 the resulting distributions of the length I, width w
and thickness t with corresponding fits of a gaussian distribution are shown on the
right hand side, respectively on the top, in the centre and on the bottom. The produced
goethite particles show a high polydispersity, as already predicted by Thies-Weesie et al.
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4. Synthesis and characterization of goethite « — FeOOH samples

[65] and reported by Lemaire et al. [38, 41, 42]. From the measured size distributions
the dimensions of a average goethite nanoplatelet of / =215+36nm, w =51 +10nm and
t =18 +7nm were derived. The length distribution showed two peaks - fitted separately
they result in two average lengths: [ =219+ 26nm and [, = 146 + 30nm.
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Figure 4.5.: Left: A model of an average goethite nanoplatelet based on the size distributions
shown on the right. Right: Size distributions of the particles recieved by simple counting and
measuring of the particles on the TEM images. The distributions are the mean from all analysed
batches, because otherwise the counting statistics would be too low for reliable results. From top
to bottom the distributions of length, width and thickness of the goethite particles are shown.

A sketch of a goethite nanoplatelet is shown in fig. 4.5 on the left with respective
dimensions. For calculation of average polydispersity the equation: P = ¢/u was used. It
is the ratio of square root of variance ¢ and mean value p as obtained from the Gaussian
fits to the size distributions [69]. The polydispersities were calculated as P, = 0.39,

P,=0.2 and P, = 0.17, where respective indices ¢, w and [ indicate the polydispersities
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4.3. Characterization of the goethite particles

of the thickness ¢, width w and length /. If two length distributions are fitted separately
the respective polydispersities are P; = 0.12 and P, = 0.21 for /1 < /2.

The high polydispersity of the goethite nanoplatelets is one of the reasons why
suspensions of these particles can form several liquid crystal phases [37, 41, 46]. Some
of the phases and typical scattering patterns, which can be formed by the particle
suspensions, are shown in the fig. 4.6 and 4.7.

P4+

Figure 4.6.: Models of different phases of goethite suspensions and simulations of the respective
scattering pattern: 1) Top row: models of the orientation of the particles in the respective phases
- from left to right: isotropic (I), nematic (N) and smectic A (SmA), the images were taken from
reference [37]; 2) Bottom row: simulated scattering pattern for these respective orientations are
shown, the images were taken from reference [3].

The most common phases, which can be found in goethite suspensions, are the
isotropic and the nematic phases. Both were observed in experiments covered by this
thesis. In the isotropic phase the orientation of particles in the suspension is without
preferred direction and the SAXS scattering pattern is thus also isotropic. This is shown
in the top left and bottom left images of fig. 4.6. The top left image is a model of possible
orientation of platelets in the suspension [37]. The image below shows a simulation
of the isotropic scattering observed [3]. In the nematic phase the particles are aligned
along a preferred direction, but a long range order is not present. Such an alignment is
shown as model in the top centre image of fig. 4.6. It results in the scattering pattern,
which is shown in the central image at the bottom. Goethite suspensions form other
liquid crystalline phases - e.g. smectic A and C or columnar phase, too. As example, the
smectic A phase is shown in fig. 4.6 on the right and columnar phase is illustrated in fig.
4.7. On the top right the model of the particle ordering in a smectic A phase is depicted.

The simulation of the resulting scattering pattern is presented at the bottom on right. In
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Figure 4.7.: Two possible orientations of the particles in columnar phases are shown: Left - the
two possible stacking directions of the platelets in the columnar phase are shown (taken from
reference [37]); centre - possible orientation with stacking parallel to the beam and resulting
scattering pattern (taken from the reference [34]); right - a possible orientation with stacking
perpendicular to the direction of the beam and resulting scattering pattern (taken from the
reference [34]).
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fig. 4.7 two possible orientations of platelets in the columnar phase relative to the beam
and the resulting scattering patterns are shown.

For the experiments in this thesis five concentrations were chosen: ¢ = 4vol%,
c =7.8vol%, c = 10vol%, c = 16vol% and ¢ = 20vol%. Lemaire at al. investigated the
dependence of the induced phases on the concentration of the goethite suspensions.
There exist four important points: if ¢ < 5.5vo0l%, the phase will be isotropic. For
5.5vo0l% < ¢ < 8.5vol% a transition from isotropic to the nematic phase and a coexistence
region of both were observed. If 8.5vol% < ¢ < 20vol% the nematic phase is present. If
concentration exceeds ¢ = 20vol% than almost only the columnar phase is present. In
the region 8.5vol% < ¢ < 20vol% the transition from nematic to columnar phase was
observed [40, 41, 42].

The following concentrations were therefore chosen for further investigations. The
concentration ¢ = 4vol% would deliver a suspension in the isotropic phase. A suspension
with ¢ = 7.8vol% would give a transition state between isotropic and nematic phase
and ¢ = 10vol% would result in a suspension in the nematic phase. Because water
was used, the suspensions with low concentrations could be too fast for dynamics
investigation. Therefore two high concentration samples at ¢ = 16vol% and ¢ = 20vol%,
which would result in the nematic phase of the suspension, were additionally prepared

for the experiments.
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5. Theoretical background

Two of the standard experimental methods employed at Coherence Beamline P10
are SAXS and XPCS as already described in Chapter 2. These two techniques were used
in this thesis. SAXS was used to investigate the structure of the liquid crystalline phases
of goethite suspensions and XPCS was used to examine the underlying microscopic
dynamics. The theoretical fundamentals of these methods are described in this chapter
in Sections 5.1 and 5.3 respectively. The Section 5.2 describes a specific order parameter
evaluation method, used to extract the degree of alignment in the liquid crystalline
phases from SAXS data. In the Section 5.4 the already known magnetic and structural

properties of goethite suspensions are summarized.

5.1. Small Angle X-ray Scattering

Small angle X-ray scattering is a high resolution technique to probe the structural
details of amorphous materials on the mesoscale. The standard Q-range of roughly
0.001 - 0.65A" in SAXS experiments enables the investigation of structural details
approximately ranging from 1 to 600nm. The range of length scales can be extended by
using either Ultra Small Angle X-ray Scattering (USAXS) for larger length scales or Wide
Angle X-ray Scattering (WAXS) for smaller features. SAXS can be used to investigate
biological materials, polymers, colloids, chemicals, nanocomposites, metals, minerals,
food and pharmaceuticals. Because of its non-destructive approach and large variety of
applications, it can be used in research as well as in quality control [1, 7, 25, 28].

At small angles only elastic scattering gives a significant contribution to the total
scattering signal. This allows to use a quasi-elastic scattering approximation throughout
this thesis. A typical scattering geometry of a SAXS-experiment is shown in fig. 5.1.

X-rays from a source are collimated by slits to a parallel beam. The X-ray beam
illuminates a sample positioned behind the slits. A small fraction of the incident beam
will be scattered due to interactions with electrons of atoms of the sample. The incident
and scattered wave vectors k; and k, enclose the angle 26, as sketched in fig. 5.1. The
scattering process is described via the momentum transfer Q, which is defined as

Q=k; -k, and Q| = 477_( -sin(20/2), (5.1)
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Figure 5.1.: A schematic sketch of a typical experimental SAXS setup.

where A is the wavelength of the X-rays. If the approximation of quasi-elastic scattering
is valid, then it can be assumed that A := A; = A, where A; and A, are the wavelengths of

incident and scattered X-rays respectively. As a consequence it follows that |k;| = |kg| =

_ 21
k=2,

The most basic scattering event is the scattering of an X-ray photon by a free
electron. In this case the scattered intensity I°(0) at scattering angle 26 is given in
photons per unit of time by the Thomson formula [2, 28]:

AQ. (5.2)

Here AQ is the solid angle and @y is the initial flux of the incident beam in

photons per unit of area per unit of time. dgg L is the scattering differential cross-section.

The classical radius of an electron r, gives a definition of the differential cross section:

1 vertical scattering plane at a synchrotron
do (6
dﬁ() ) =12 cos%(20) horizontal scattering plane at a synchrotron (5.3)
% (1 + cos?(20)) unpolarized source

The differential cross-section describes an angular distribution of photons scat-

tered into a specific volume element and can be written as

do

0@ =4(Q)-47(Q), (5.4)
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5.1. Small Angle X-ray Scattering

where A(Q) is the scattering amplitude and A*(Q) its complexe conjugate. It implies
that the scattering amplitude A(Q) for a single electron is equal to r, at small scattering

angles.

The scattering of an atom can be seen as scattering from its Z electrons, which
are surrounding the atom as a cloud with density distribution p(r). The scattering
amplitude of an atom can be written as A, = -, - f,, where f, is the atomic scattering
factor [2]:

FAQ ") = fo @+ £y i 1), (55
where £ is the Planck constant and c is the speed of light. The second and third term
in equation 5.5 are the so-called dispersion corrections. fa ) arises from the fact that
electrons are bound to an atom and f”(hc) describes the absorptlon of photons. These
terms are energy dependent. At energies much higher than the absorption energy of the
considered element their contribution can be neglected [2]. The first term f,(Q) depends
only on the momentum transfer. This term corresponds to the Fourier transform of the
electron density p(r). The scattered intensity from an atom within given solid angle AQ
is then a superposition of the single contributions from each part of the electron density

distribution:

15 =Dy 12 fo(Q)f(Q) = B - 2. / o(r) - exp(iQr)dr / o(r') - exp(~iQr)dr’ =

Z? forQ —0 (5-6)

=Dy-r2-

AN

0 for Q — oo

The atomic form factor can easily be expanded to a molecular form factor f,,,; by

a summation of the single contributions of the electrons of every atom with index k:

fnot(Q) ka -exp(iQ - 1) (5.7)

In SAXS experiment, where X-ray are scattered from non-interacting particles
suspended in an isotropic medium, the effective scattering electron density of the
particles is Ap = pp —pp, where pp and py, are the uniform electron density of a particle
and the average density of the suspending medium respectively. The scattering intensity

can then be written as:

2

Isaxs(Q) =Pq- 17 - VAp-exp(iQ-rk)dV =Dy 17 - Ap*VSIF(Q)IIP.  (5.8)
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Here P(Q) = [F(Q)|? is the particle form factor, which depends on the shape and
size of the particles in a suspension, as demonstrated by the integral over the volume of
the particle. Equation 5.8 is valid for dilute suspensions. In the case that a suspension

can not be considered as dilute eq. 5.8 has to be extended to include an additional term:

Isaxs(Q) =g -1 - Ap?VP(Q)-S(Q). (5.9)

S(Q) is the static structure factor and accounts for correlations between the
particles. It depends on the nature of the interparticle interactions and can be derived
from the scattered intensity, if the particle form factor is known [2].

Equations 5.8 and 5.9 are only valid for the case of spherical particles. In this
thesis particles with the shape of parallelepipedons were used. For anisotropic identical

particles the scattering intensity within a solid angle d() is given by [52]:

Isaxs(Q) = Do -7 - Ap* V) | D Fi(Q.e;)*+ > Fi(Q e:)Fj(Q.€j)Sij(Qeivej)| . (5.10)

ij

Here the summation is over all particles in the suspension and F;(Q, e;) is the ampli-
tude of the form factor for the i-th particle with orientation given by the unit vector
e;. S;i(Q, e;, ej) are partial structure factors, which depend on the orientation of two
particles with respect to each other. The first sum in equation 5.10 is the orientational
averaged form factor P(Q) = |Fo(Q)[?, which is defined for particles with the shape of
platelets and dimensions a > b > ¢ by [52]:

R r2n pm
P(Q) = VLpz/O /0 /0 (exp(iQrcos B) r?)?sin0dOd¢pdr =

1 2 /” sin((qasin € cos $)/2) sin((qbsinOsin $)/2) . sin((gccos0)/2) 2 nodod
V2 J)o Jo (qasin O cos ¢)/2 (gbsinBsin ¢)/2 (gccos0)/2 ° P

(5.11)

Equation 5.10 is valid for the case of monodisperse particles. If the particles vary
in size as in the experiments presented in this thesis, it has to be expanded. To account

for polydispersity, the scattering intensity from a suspension can be written as:

Isaxs(Q) =Dy - 12 - Ap? [/OOOD(a)D(b)D(c) -V(a,b,c)*-F(Q,a,b,c)*d%r +

+ / N / " D(@)D(b)D(c)- V(a,b,¢)- D(@)D(H)D(C) - V(d, b, ')
0 0
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5.2. Orientation distribution function and ordering parameters

-F(Q,a,b,c)-F(Q,a’,b’,c)-S(a,b,c,a’,b’,c/, Q)dsrdsr'] . (5.12)

Here a, b, ¢ are the basis of a parallelepipedon, S(a,b,c,a’,b’,¢’, Q) is the structure
factor, V(a,b,c) is the volume of a parallelepipedon and D is the respective size distri-

bution. As example, D(a) represents the distribution of the particle axis size a and is

normalized to [ D(a)da=1. A commonly used distribution is a Schulz-Flory function,
which is given by.
z+1\* & a
D(a) = (~z+1)3), 1
@=() e (e (5.13)

where 4 is the average axis size and z is a parameter, which controls the spread of the size.
In the limit of z — co D(a) converges to a delta function. The Schulz-Flory distribution
produces expressions, which are easy to calculate analytically or numerically for a range
of particle shapes. The inclusion of the particle size distribution introduces additional

smearing of the scattering curve.

5.2. Orientation distribution function and ordering

parameters

Oriented particles in suspensions can be compared to liquid-crystalline phases.
A long range orientational order is characteristic for such phases. The orientational
order can be described by the orientation distribution function f(f) (ODF), where
is the angle between the long particle axis and the director m. Throughout this thesis
the direction of the applied magnetic field B will be used as director m. The preferred
direction of the orientation of the long axis of the platelets will be n and the direction of
the long axis of the scattering feature is defined as p, whereas n Lp (see fig. 5.2).

The ODF can be expanded into a series:

i n+1/2)P,(cos B)P,(cos ), (5.14)
n=0

where (n+1/2) is a weighting factor [17]. The orientation order parameters (OP) are
defined as:

/2
Sy =P, = /O B,(cos f)f (B)d(cos ). (5.15)

Here P,(x) is the n-th Legendre polynomial. Using Raman and/or resonance spectroscopy
techniques it is only possible to access the OP’s S, and S4. The more important property

f(B) can not be measured directly [16]. In liquid crystal science the order parameter S,
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is almost universally used. Sometimes additionally S, is presented. In this thesis also
S1 was calculated, since it can be connected to the remanent magnetization M of the
suspension [41].

For X-ray scattering Leadbetter and Norris developed a method to determine
the ODF, which is sketched in fig. 5.2 on the left. Here particles in the nematic phase
are shown on top together with respective the direction of the director m||B and the
nematic orientation direction n. The according schematic scattering pattern is displayed
at the bottom with respective high intensity peaks in red. The peaks along Q, result
from the length of the platelets and, as the case may be, from the short range order in
this direction. If the order increases, the peaks will lose their diffuseness and increase
in number, as shown in examples in fig. 5.2 on the right for smectic phases. The arcs
crossing Q, arise because of diffraction perpendicular to the long axis of the platelets.

With perfect alignment these arcs would condense into sharp peaks. The direction of

the long axis of the scattering feature is defined than as p.
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Figure 5.2.: Figure for definition of the angles g and 6 for the ODF analysis, drawn after figure
1 Leadbetter et al. [35]. On the left: top - sketch of partially aligned particles in the nematic
phase with the direction of the director m||B and of the average nematic orientation direction n.
Bottom: schematic drawing of the resulting scattering pattern with insert showing a position
of one particle from the sketch above with according angles  and 6. On the right: sketches

of the particles in four different smectic phases and respective schematic scattering pattern.
Additionally the directions of the magnetic field B and the director m||B are shown.

In fig. 5.2 on the right for examples of smectic phases are shown. The short range

order of well defined layers in the z-direction results in sharp peaks in Q,-direction,
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5.2. Orientation distribution function and ordering parameters

which depend on the orientation of the layers. The orientation of the particles in the
layers influence the orientation and extent of the arcs, which cross Q.. The direction of
the B-field and of the director m||B are indicated in the centre. The nematic orienation
direction n and the orientation of the scattering arc, which shows the orientation of the
particles, p are shown as example for one smectic phase on top. The angle f is the angle
between the long axis of a particle and the director m. It is visible that the image on
top has a well defined distances between particle layers, which result in set of sharp
peaks in the scattering pattern of the right. If the layers are perpendicular to m then
these sharp peaks in Q, direction are parallel to m. This is visible in the first and second
images from the top. In other images the layers have an angle a respective to m, which
yields same inclination of the sharp peaks in the scattering pattern. The scattering from
the long axis of the particles results in the arcs crossing Q,. Because the particle in
the layers in the image on top are inclined in one direction, the axis connecting the
scattering features is inclined respective m, too. In the images below the axis connecting
the arcs crossing Q, is not inclined, because the particles have an average orientation,
which is parallel to m. The more particles deviate from the orientation parallel to m the
wider are the arcs, as shown in second image from the top.

The azimuthal scattering intensity distribution I(6) from particles in an exper-
iment at the Q of the highest intensity in the azimuthal arcs (dashed line) is usually

connected to the real space orientation distribution function for particles as:

/2 20 o 2p\-1/2
1(9):c/9 fd(ﬂ)((tan p-tan"0) )sinﬁdﬁ. (5.16)

cos? 6

Here 6 is the azimuthal angle along scattering pattern at the Q of the structural
arc. It is obvious that § = 0° if the particle is aligned with long axis parallel to the
director m. Because f§ and O are connected, 6 = 0° would be at the position of the high
intensity arc crossing Q, and perpendicular to the director m. This comes from the fact
that these arcs arise from scattering perpendicular to the long axis of the platelet and
carry the information about the degree of alignment of the particles in a suspension, as
shown in fig. 5.2.

Leadbetter and Norris computed equation 5.16 numerically and calculated the
ODF and OP’s [35]. In suspensions clusters of different orientation can be induced
sometimes. The ODF of molecular clusters (several areas with different orientation
of the nematic orientation direction n) is in general not equal to singlet ODF (where
particles do not build clusters and therefore only one n is present). However, different
studies showed that thermotropic liquid crystals fulfil the ordering conditions, under
which equation 5.16 is valid. Under these conditions f;(B) approaches the singlet
function f(p) and therefore, for the case considered by Deutsch [16] and in this thesis,
the approximation f;(8) = f(p) was used.
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Starting from equation 5.16 Deutsch calculated an analytical solution for the
ODF. Originally two solutions were calculated. However, only the second one, which

promises significant error reduction was used in this work:

d /2
f(B)=—(Nsinp)— x / 1(0)tan O(tan’ 6 — tan? )"1/2d6 |, (5.17)
dp 5

where N = f”/z 0)d0 is a normalizing constant. From equation 5.17 it is possible to
calculate the OP Sy, S, and S, using equation 5.15.

Also a direct formula for calculating OP from the intensity distribution I(6) was derived
by Deutsch et al.:

m/ % T/
S, =N! (/ 2I(G)de—/ ’ inp d(c(z:;/;)/ 2[(6)tan9(tan29—tanzﬁ)_1/2d9>,
0 0
(5.18)

which allows to calculate OP without calculating f(p) first and reduces the errors [16].

The order parameters OP are known in the literature as nematic ordering pa-
rameters and used to describe the degree of order in the nematic phase [9]. S; can
be connected to the magnetization M of the particles in suspension and S, to their

magnetic energy E,,, as described in Chapter 5.4 [41]. The order parameter have values:

o OSSISI,
* —-0.5<5,<1 and

« —05<8,<1.

In fig. 5.3 three ideal cases are shown. In case of the completely random orienta-
tion of the particles the intensity distribution shows a ring and a constant intensity 1(6)
occurs (fig. 5.3 top row). This will cause constant values of the ODF f(f) and result in
order parameters S; = S, = S4 = 0. If the particles show a perfect alignment parallel
to the director m, a very narrow peak in the intensity I(6) occurs perpendicular to the
long axis of the particles n and therefore p Lm (fig. 5.3 centre row). This result in delta
function shape of I(0) versus 0 at 6 = 0° and therefore a delta function in f(f) versus f
at p = 0°. This intensity distribution has OP values S; =S, =S4 =1 as outcome.

Also a perfect alignment of the particles perpendicular to the direction of the
magnetic field (n_Lm) may occur (fig. 5.3 bottom row). In this case the narrow peak of
intensity appears p||m and results in delta function of f(B) versus g at f = 90° and OP
values S; =0, S, =-0.5 and S4, = 0.5 [17].
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Figure 5.3.: Three ideal particle orientations in a suspension. Top row: for ideally isotropic
distribution of the particles; centre: for particles ideally aligned with long axis parallel to the
field (n||m); bottom: for particles ideally aligned with long axis perpendicular to the field (n_Lm).
Left is a schematic view of the particles in suspension, in the centre the resulting scattering

pattern and on the right in blue the resulting intensity distribution I(6) from the scan at the
peak Q.

In fig. 5.4 the simulated Gaussian azimuthal intensity distributions I(0) are
plotted versus 6 on the left and the respective theoretical orientation distribution
functions f(p) versus  on the right. The colour represents the azimuthal width w
of the intensity distribution and of the according orientation distribution function:
w =5°10°20°40°, which are respectively indicated by black, red, blue and green
colours. Here only the functions, which depict different centre position at 6 = 0.5°,
which was chosen for numerical reasons, are shown. In the image below the respective
OP’s are plotted versus FWHM [°] of the respective ODF f(f). It is apparent that all
three curves have similar sh