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Abstract

If you asked someone on the street about magnetism, they might claim
to know little about it. Yet, we all rely on magnets in our daily lives,
from swiping a credit card to listening to music on speakers or hanging
a picture on the fridge. Beyond these familiar solid magnets, magnetism
can also be harnessed in fluids, which are used in applications such as
medical devices and dynamic seals. Since melting solid magnets to cre-
ate magnetic fluids is not an option, magnetic control is achieved by
suspending microscopic particles in a fluid, resulting in suspensions like
superparamagnetic colloids.

Superparamagnetic colloids are microscopic particles suspended in a
fluid, typically water, that remain non-magnetic until an external mag-
netic field is applied. Under such fields, the particles exhibit magnetic
behavior, causing them to form structures that depend on the character-
istics of the magnetic field. In two-dimensional systems, with a rotating
uniform magnetic field, particles align in chains that rotate at low speeds.
As the field’s rotational speed increases, disk-like clusters form due to
isotropic interactions. Focusing experimentally on the early stages of
this aggregation process, we model the transition between these struc-
tures, revealing its dependence on the magnetic field’s frequency and
the colloidal suspension’s volume fraction. In three-dimensional sys-
tems, these microscopic structures impact macroscopic processes such
as sedimentation. From macroscopic observations, we establish that sim-
ilar aggregates likely form in these conditions, and that the rotational
speed of the magnetic field significantly influences the sedimentation
rate. Additionally, we identify three distinct regimes corresponding to
different sedimentation behaviors.

By understanding these fundamental mechanisms, we hope to open
the door for developing advanced systems for applications such as fluid
mixing, pollutant capture, or targeted drug delivery.
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Résumé

Si vous arrétez une personne lambda dans la rue pour lui parler de
magnétisme, il vous répondra treés certainement qu’il n’y connait rien.
Pourtant, nous utilisons tous des aimants au quotidien, que ce soit en
utilisant notre carte de crédit, en écoutant de la musique sur des haut-
parleurs ou en accrochant des photos sur la porte de notre frigo. Au-dela
de ces aimants solides familiers, le magnétisme s’utilise également sous
forme liquide, dans les IRM par exemple, ou encore pour créer des joints
d’étanchéité dynamiques. Puisque faire fondre des aimants solides pour
créer des fluides magnétiques n’est pas envisageable, on utilise des par-
ticules microscopiques en suspension dans un fluide, par exemple des
colloides superparamagnétiques.

Ces colloides acquierent des caractéristiques magnétiques quand on
leur applique un champ magnétique extérieur, ce qui les améne a for-
mer des structures dont la forme dépend du champ. En 2D et avec un
champ magnétique uniforme en rotation, les particules s’alignent et for-
ment des chaines qui tournent a faible vitesse avec le champ. A mesure
que la vitesse de rotation du champ augmente, des agrégats circulaires
apparaissent en raison du caractere isotropique de leurs interactions.
Une étude expérimentale de ce processus d’agrégation nous a permis
de modéliser la transition entre ces structures, révélant 'influence de
la fréquence du champ magnétique ainsi que de la fraction volumique.
En 3D, ces structures microscopiques influencent les processus macro-
scopiques tels que la sédimentation. Nos expériences montrent que des
agrégats similaires se forment probablement dans ces conditions et que
la vitesse de rotation du champ magnétique influence considérablement
le temps de sédimentation. De plus, nous distinguons trois régimes de
fréquence correspondant a différents modes de sédimentation.

En étudiant ces mécanismes fondamentaux, nous espérons ouvrir la
voie au développement de nouvelles applications telles que le mélange de
fluides, la capture de polluants ou la délivrance ciblée de médicaments.
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Introduction
From stone sools to tiny robots

As you begin to read this thesis, take a moment to reflect on the day
that has led you here. Whether you are sitting at a desk or perhaps
commuting on public transport, you have already interacted with nu-
merous tools, often without even thinking about it. From the alarm
clock that woke you up this morning to the the computer you may be
using to read these lines, your day has been shaped by tools designed
to extend your abilities, making your tasks more manageable.

You likely started your day by brushing your teeth with a tooth-
brush, then perhaps brew some coffee with a machine. You may have
traveled to work by car or on a bike, possibly guided by a GPS on your
phone. Each of these tools is designed to simplify or optimize daily
activities. These objects, seamlessly integrated into our lives, are the
result of humanity’s long history of tool development, which has driven
our progress for millennia. Humanity’s use of tools has indeed shaped
our civilization, transforming how we live, work, and interact with the
environment. From the simplest stone tool made by Homo Habilis to the
advanced smartphones of today, tools have been at the core of human
progress.




The first tools crafted by our prehistoric ancestors [1, 2] were notably
made of stone, and designed to accomplish tasks that were difficult or
impossible with bare hands alone, such as hunting or cutting (with han-
daxes or sharp stone flakes). These evolved into more complex tools
requiring other tools for their fabrication, such as spears or scrapers,
and incorporated materials like bone or ivory. The concept of "tool”
extends beyond utility, as they also played a crucial role in the develop-
ment of art and culture. For instance, musical instruments dating back
35,000 years have been discovered, highlighting the cultural significance
of early tools [3].

- e

Figure 1.1: Prehistoric tools and musical instruments. On the
left, acheulan handaxes from Kent. On the right, bone flutes of nearly
9000 years old found in China modified from [3].

As human society advanced, so did our tools. From axes and scrap-
pers, we moved to engines and mechanical machines during the indus-
trial revolution. This marked a pivotal shift, as those machines could
perform tasks faster and more accurately than ever before. This era saw
the emergence of the concept of automation, where machines began to
replace human labour rather than simply assist it. This concepts gave
rise to a new kinf of tool: robots.




Initially popularized in science fiction, such as in the works of Isaac
Asimov [4], robots made their industrial debut in the early 1950s when
George C. Devol invented Unimate. This robot, first used on a General
Motors assembly line in 1961, was designed to mimic a human arm,
only stronger and tireless. As robots evolved, these machines revolution-
ized industries, particularly manufacturing, by taking over repetitive,
dangerous, or highly precise tasks. Beyond industry, robots have found
applications in surprising areas, such as medicine, where they are used
as sophisticated prosthetic limbs for instance [5-8].

o5—— Controller &
attachment

Figure 1.2: Robot inspired by the human body. On the left,
first Unimate robot ever installed on an assembly line in 1961, from the
Collections of The Henry Ford. On the right, a recent (2021) anthropo-
morphic robotic hand [8].

As robotics technology progressed, engineers began to look beyond
human anatomy for inspiration, turning their attention to the animal
kingdom [9-11]. This led to the emergence of bio-inspired robotics.
Animals move efficiently in a variety of different environments, adapting
to specific challenges. Depending on the species and context, they can
run, slither, climb, jump, fly, or swim, and so can bio-inspired robots.
These robots expanded the potential of robotics, enabling machines to
operate in environments that were previously thought to be inaccessible,
from disaster zones to the surface of Mars. Understanding the complex
movements of animals and replicating them with machines is thus a hot
topic in contemporary research [12-14].




front feet
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(reversed)

Figure 1.3: Robot inspired by the animal kingdom. On the
left, iSprawl, a small autonomous hexapod inspired from running cock-
roaches, driven by an electric motor and flexible push-pull cables [10].
On the right, StickyBot, a robot using frictional adhesion inspired by
gecko lizards, able to climb vertical walls [11].

However, the most exciting frontier of robotics today lies at the mi-
croscopic and nanoscopic scales. Indeed, after modeling robots on hu-
man limbs and animal locomotion, the latest generation of robots draws
inspiration from bacteria and other microorganisms [15-22]. These tiny
robots operate at a scale that allows them to navigate within the human
body, capture small impurities, or monitor the environment. This could
allow such robots to deliver drugs directly to corrupted cells, perform
minimally invasive surgeries, or to detect and neutralize microscopic
pollutants for instance.

To achieve these goals, colloids appear to be outstanding candidates.
Colloids consist of a mixture of two phases, one continuous containing
another dispersed phase, either in solid, liquid, or gaseous states. For
a mixture to be classified as a colloid, the size of the dispersed phase
should be around the micrometer.
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Figure 1.4: Micro-robots inspired by microorganisms. On the
left, assembly of micrometric magnetic beads at the water-air inter-
face manipulated with a magnetic field B , reproducing the metachronal
waves used by ciliates for locomotion [17]. On the right, an artificial
flagella controlled by magnetic fields and inspired by bacterial flagella
[16].

Examples include blood, which is composed of plasma (a continuous
liquid phase) and red blood cells (a dispersed solid phase) measuring less
than 10 pm, or milk, an emulsion of liquid fat globules dispersed in water.
Inks, paints, fogs, clouds, coffee, wine, foam rubber, whipped cream, ...
The examples from every day life are countless [23]. Their size and
commonness make them ideal for uses in biological systems, in addition
to the possibility to control them externally, for instance with magnetic
or electric fields. This remote control can lead to self-assembly of
complex structures and locomotion [22, 24-27]. Understanding the
challenges of such control is thus crucial in order to further develop
micro-robots [28-31].




In this thesis, we experimentally explore the interactions
and the resulting microscopic structures of magnetic colloids
controlled by an external magnetic field, as well as their reper-
cussions on the macroscopic scale. The dispersed phase of this
one-of-a-kind colloid consist of superparamagnetic particles, which are
highly responsive to external magnetic fields.

In Chapter 2, we begin by introducing the fundamentals of mag-
netism in the context of magnetic colloids dispersed in water, before de-
tailing the effective interactions between the magnetic particles. Chap-
ter 3 then describe the microscopic structures that arise in two
dimensions due to the application of both constant and time-varying
magnetic fields. In this specific case, we unveil through experiments
a transition phase between two distinct structures and relate these
microscopic structures to three-dimensional macroscopic effects,
such as sedimentation.

More precisely, we start in Chapter 5 by conducting experiments
in 2D systems at the microscopic scale in order to characterize the
influence of the magnetic field rotational frequency and the colloidal
volume fraction on the microscopic structures. We focus on the early-
stage of the clusters aggregation and identify a transition phase between
two expected structures.

We then examine the macroscopic 3D effects of this microscopic
aggregation with respect to sedimentation. After introducing the state
of the art regarding colloidal 3D assemblies and sedimentation in Chap-
ter 4, we present our findings in Chapter 6. Notably, we show that
the sedimentation time increases with the magnetic field rotational fre-
quency, and we draw strong parallels between the microstructures ob-
served in 2D and their macroscopic effect on sedimentation.

For those eager to preview the results, an accompanying visual card
summarizes both the 2D and 3D structures, along with the applied mag-
netic field and its characteristics, as well as the resulting macroscopic
effects. The front side of the card provides an overview of the exist-
ing knowledge prior to this thesis, while the reverse side highlights its
contributions.




Magnets and Fluids

A journey between ferrofluids and magnetic colloids

Most of us are used to play with small magnets, for instance to display
pictures and notes on fridges or whiteboards. While this is a fairly no-
ticeable way to use them, they also play a more subtle role in various
other common devices like credit card stripes, door catches, or loud-
speakers. All these magnets share a fundamental characteristic : their
solid state. But would it be useful to design fluid magnets, and if so, by
what means could it be achieved ?

Magnets are particularly fun to play with, mainly because their mo-
tion can be controlled without direct contact, using another magnet.
This feature makes them extremely interesting to physicists, since it
opens up the perspective of externally controlled interactions. It also
makes them quite useful, in the mechanical field for example. However,
certain situations require a flexible material, to prevent the obstruction
of internal motions or to be injected in the human body for instance,
leading to the idea of a magnetic fluid [32-35]. Such fluids can com-
monly be used as dynamic seals [33, 34, 36, 37|, hermetically sealing a
hole while allowing the passage of a rotation axis, as seen in computers
hard disks. On the medical side, these fluids can also be employed to




target specific areas when injecting drugs, confining chemotherapy drugs
in a cancerous tumor [33, 35, 37]. The answer to the earlier question
"Would it be useful to design a liquid magnet?” thus appear to be a
resounding ”Yes”.

The remaining question is how to achieve it. Natural magnets are
mostly made of metals *, which are solid at room temperature, implying
the need of a phase transition in order to reach the goal of a liquid mag-
net. This is highly problematic, given the fact that the solid to liquid
transition for metals occurs at high temperatures, and those tempera-
tures always exceed the Curie temperature. Once the Curie temperature
is exceeded, the magnetic properties of the object are greatly affected,
as described here after in section 3, implying the non-existence of mag-
netic homogeneous liquid. Furthermore, even if this where not the case,
using molten metal for a medical application - or for any other applica-
tion actually - would not be practical. The opposite issue arises when
considering for instance liquid oxygen, which exhibits a strong magnetic
response, since it exists only at cryogenic temperatures.

Because the fluid cannot be magnetic itself, magnetic fluids consist
mainly of a "normal” fluid such as water or oil, which have a very weak
response to magnetic fields. In order to confer significant magnetic prop-
erties to this ordinary fluid, small magnetic particles (typically around
the nanometer or the micrometer scale) are dispersed in it. The prop-
erties of the magnetic fluid thus depend on both of its components,
namely the dispersed particles [38] and the medium fluid [39, 40].
To properly comprehend the behavior of magnetic fluids and to differ-
entiate their various types, it is necessary to investigate each of these
characteristics.

The following sections provide an overview of magnetism, with a
particular focus on the dispersed particles. In the next chapter, we
will look into the interactions between these magnetic particles and the
resulting self-assembly.

'Note that plastic magnets can be manufactured, but also in the solid state.




2.1  Magnets: the Fundamentals

A magnet such as those used on fridge doors both responds to an ex-
ternal magnetic field and produces its own magnetic field. It is charac-
terized by its magnetic dipole moment ji. This vector translates the
orientation and strength of the magnetic field produced by the magnet,
which is described by the following equation [41] :

s po 3(F - €)er — i

B, = = p , (2.1)
with €, the unit vector pointing from the magnet to the considered point
in space, and viewing the magnet as a point dipole [42]. In this equation,
1o stands for the vacuum magnetic permeability, which sets the scale
for the strength of magnetic interactions in vacuum.

The magnetic dipole moment also directly influences the amplitude
of the magnet’s response when exposed to an external magnetic field,
which can be divided in two types of motion: translation and rotation.
Translation only occurs when the magnet is subjected to an inhomo-
geneous magnetic field, resulting in a force applied to the magnet. On
the other hand, rotation is due to a torque that tends to align the
magnetic dipole with the external field, irrespective of its homogeneity.
These force and torque are expressed as follows.

F=V(i-B)and 7=[ix B (2.2)

That is considering one magnet. Yet, in the context of magnetic flu-
ids, numerous small particles are dispersed within the fluid, meaning
that each particle generates its own magnetic field and interacts with
the magnetic fields of surrounding particles. This leads to the transla-
tion and/or rotation of the particles within the fluid, and quickly results
in their aggregation, which is less than ideal for a magnetic fluid.

One solution would be to use particles so small that the thermal
energy would be large enough to break the agglomerates. Another solu-
tion would be to have the ability to control whether or not the particles
interact.




For example, we may want to avoid aggregation while injecting the
particles into the human body but enhance interactions once they have
reached the cancerous tumor. This level of control can be achieved
by using non-permanent magnets. From those two different options
(permanent or non-permanent magnets) result two different magnetic
fluids, respectively ferrofluids and superparamagnetic colloids [38,
41].

2.2  Ferrofluids

Ferrofluids are perhaps the most widely recognized type of magnetic
fluid, known for the captivating dynamic structures they exhibit when
exposed to an external magnetic field. Indeed, this external stimula-
tion often results in a global movement of the entire fluid, giving the
impression that it comes to life, as it reacts and morphs in real-time
to changes in the magnetic environment, forming spikes, ripples and
intricate patterns. This unique behavior arises from the dispersion of
small permanent magnets in the fluid, typically oil, with a size in the
nanometer scale. These small magnets are referred to as ferromagnetic
(or, in some cases, ferrimagnetic).

Figure 2.1: Ferrofluid under an external magnetic stimulation. Free
picture from ACS [32].
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2.2.1 Ferromagnetism or permanent magnets

In ferromagnetism, the magnetic dipole moment i is permanent, mean-
ing that it exists at all time, independently of any external magnetic
field. In a ferrofluid however, although each constitutive particle ex-
hibits a magnetic dipole moment at all time, the mean magnetic moment
by volume unit or magnetization M remains null while no external
magnetic field is applied.

This phenomenon arises from the fact that the particles in ferroflu-
ids are small enough to exhibit Brownian motion, driven by the fluid
thermal energy. Consequently, each magnetic moment associated with
the particles assumes a different orientation, resulting in the absence of
overall magnetization. In contrast, upon the application of an external
magnetic field, all magnetic moments align with it, leading to a net fluid
magnetization. This magnetization returns to zero when the external
magnetic field is turned off, and the ferrofluid reverts to its previous
typical fluid behavior [33, 41, 43].

2.2.2  Stability

To clearly identify what is necessary to achieve the particles dispersion
stability in ferrofluids, three energies per particle can be written as fol-
lows [41]

Er = kT (2.3)
B = ioMHV (2.4)
E¢ = ApVgh. (2.5)

E7r stands for the thermal energy, whith £ the Boltzmann’s constant
and 7" the absolute temperature in degrees Kelvin ; F); is the magnetic
energy, with H the magnetic field strength (related to BasB= /Loﬁ )
and V' the particle’s volume ; Eg refers to the gravitational energy,
with h the elevation in the gravitational field.
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Looking at ratios between those three energies will provide con-
ditions to reach overall stability, considering both the case of an in-
homogeneous external magnetic field and the case where no external
field is applied [41].

The first competition to consider occurs between the thermal energy
and the magnetic one, when no external magnetic field is applied.
The particles are highly concentrated within the fluid, typically with the
order of 10%® particles per m® , thus collide with one another frequently.
Since their magnetization is permanent, they stick together and form ag-
gregates. In order to avoid this aggregation, the thermal energy should
be able to dismantle the aggregates.

When two particles are in contact, the energy needed to separate
them is the magnetic dipole-dipole contact energy

1
Edd = EIU’OMQM (26)
thus the ratio to consider is the following :
E 12KT
L= > 1. (2.7)
Egq  poM?V

Using the following typical values, this leads to the condition of a particle
diameter smaller than 7.8 nm, with M = 4.46.10° A.m™ ' and T = 298 K.

The second competition to consider is between the thermal energy
and the magnetic energy due to an in-homogeneous external mag-
netic field. When subjected to such a field gradient, particles move
from the lower-intensity regions of the field to the higher-intensity re-
gion. To avoid this settling, Fp has to be larger than FE);, since the
thermal gradient motion counteracts this effect. This translates as

Er kT
Ev  poMHV —

1, (2.8)
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and implies, when considering typical values, that a sphere shaped par-
ticle should have a diameter smaller than 8.1nm to ensure stability
against a magnetic field gradient.

The last competition is between gravitational and thermal en-
ergy and is similar to the previous one, since gravity induces a field
gradient that tends to attract particles downward, while thermal agita-
tion tends to keep the particles dispersed. However, it will not give any
new condition for stability, since the gravitational energy in this context
is smaller than the magnetic energy. Indeed,

Eq

=% = 0.047 2.9
B (2.9)

for a 5cm high container and for Ap = 4300 kg.m?.

To those three conditions, all leading to a maximal size for the fer-
rofluid particles around 10 nm, we must add a reasoning about the van
der Waals interactions. Indeed, these interactions occur between
neutral particles and are independent of their magnetic properties, since
they come from electric dipole-dipole interactions, and lead to an attrac-
tive force in the case of ferrofluid particles [37, 41, 44].

To counteract this attraction between particles, it is necessary to
introduce a repulsion. This is achieved by coating the particles with
chemical groups that will charge in the liquid [34, 38, 44, 45]. Since the
liquid is polar and includes mobile ions, two layers of opposite charge are
formed at the particles surface, as those ions are attracted to the charged
chemical groups, as pictured in Fig. 2.2. This Electric Double Layer,
or EDL, shields the particles against the van der Waals attractive force,
as stated by the DLVO theory [46], named after two scientific duos that
independently developed it : Derjaguin with Landau and Verway with
Overbeek. In this theory, each interaction is considered independent,
and the total interaction potential is thus expressed as the sum of the
individual potentials [44, 46].

13
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Figure 2.2: Representation of the Electric Double Layer around a
particle coated with charged chemical groups.

To the van der Waals and the EDL interactions must be added a
third interaction, known as the Born repulsion, which translates the
impossibility for the particles to interpenetrate. Those 3 interactions, as
well as the resulting total interaction potential, are depicted in Fig. 2.3.
Instead of using the chemical groups mentioned above, the particles can
be coated with polymers to prevent direct surface contact, harnessing
the steric interactions to reduce the van der Waals attraction [34, 38].
The steric interactions are not taken into account in the DLVO theory.

2.3  Superparamagnetic Colloids

A less known type of magnetic fluid is magnetic colloids. Although less
impressive than ferrofluids, since they do not deform as much under an
external magnetic field, their unique properties make them particularly
interesting in a large scope of application, ranging from water depollu-
tion to in situ drug delivery [33, 47].

Magnetic colloids are similar to ferrofluids in a lot of ways, start-
ing with the fact that they are made of solid particles dispersed in a
fluid. However, the colloidal particles are larger, typically around the
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Figure 2.3: In this diagram from [44], the three interaction potentials
considered in the DLVO theory are represented. In red, the van der
Waals interaction potential, in blue, the potential due to the Electric
Double Layer, and in green the Born repulsion. Those three potential
are added to one another in the DLVO theory, leading to the global
potential in black.

micrometer scale, and the most used dispersion medium is water. More-
over, in this context, the colloids are not permanent magnets, as it is
the case for the dispersed particles in ferrofluids, but non-permanent
magnets, which allows the user to avoid magnetic interactions when
needed.

2.3.1 Paramagnetism or non-permanent magnets

Non-permanent magnets are very similar to the more commonly known
permanent magnets, with the key distinction that their magnetic dipole
moment only appears when exposed to an external magnetic field.
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Consequently, if no external field is applied, these materials exhibit no
magnetic properties. Such materials are classified as either paramagnetic
or diamagnetic, with the primary difference that in paramagnetism, ;i
aligns exactly with the external field, while in diamagnetism, /i is anti-
parallel to the external field.

Using para- or dia- magnetic particles in magnetic fluids then proves
to be a viable option. However, paramagnetic particles are preferred due
the weak magnetization associated with diamagnetic materials, resulting
in weak particles interactions. Indeed, magnetization is proportional
to éemt, the applied magnetic field, and to y,,, the material magnetic
susceptibility [41] :

W =yl
Ho

The magnetic susceptibility is a non-dimensional number, positive
for paramagnetic materials and negative for diamagnetic ones. Its am-
plitude is much larger in the paramagnetic case (ranging from 10™* to
1072) compared to the diamagnetic case (with an order of magnitude of
1079).

Given the definition of magnetization, the previous equation can be
re-written as following, which highlights that the smaller the magnetic
susceptibility, the weaker the magnetic dipole moment, thus the weaker
the magnetic interactions :

(2.10)

—

= XmVE. (2.11)
Ho

Even though y,, is larger in the paramagnetic case compared to the
diamagnetic case, it is even larger in the ferromagnetic case, since it
is typically above 10*. However, as a reminder, the magnetic dipole is
permanent in ferromagnetic materials, while it only exists in para- or
diamagnetic materials when an magnetic field is applied. When exposed
to high temperature, the magnetic susceptibility decreases due to ther-
mal agitation, and when a critical temperature called Curie temperature

is reached, ferromagnetic materials become paramagnetic [33, 41].
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2.3.2 Superparamagnetism or the magnetic boost

In order to enhance the magnetic susceptibility of the colloids and ensure
the absence of remanent magnetization even in small domains within
the fluid, a combination of ferromagnetism and diamagnetism is
employed [27]. This gives rise to a new type of magnetism known as
superparamagnetism.

Superparamagnetism relies on nanometric ferromagnetic particles
embedded within a diamagnetic shell to form a single colloid, as shown
in Fig. 2.4. While each inclusion has a permanent magnetic dipole,
thermal agitation prevents overall magnetization without an external
magnetic field. This is similar to paramagnetism, but with a higher mag-
netic susceptibility (ranging from 1072 to 1), making superparamagnetic
colloids more responsive to magnetic fields. The use of ferromagnetic
inclusions also induces a quasi-null magnetization remanence [27].

2.3.3 Stability

Looking at the energy ratios presented in section 2.2.2, notable differ-
ences quickly emerge.

Firstly, the competition between thermal energy and magnetic en-
ergy in the absence of an external field is not relevant as the parti-
cles exhibit no magnetic dipole moment in this context.

Secondly, considering the effect of a magnetic field gradient, it
becomes evident that superparamagnetic colloids are too large to avoid
settling between low-intensity and high-intensity field regions. Surpris-
ingly, this property can be advantageous, as it enables the user to collect
the particles, leaving the medium fluid pure and intact. This migration
of magnetic particles is termed magnetophoresis [48, 49]. This separa-
tion is not achievable in the case of ferrofluids, much like separating
salted water into salt and water is impossible without damaging one or
another.
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Figure 2.4: Schematic representation of superparamagnetic colloids.
Each colloid consists of ferromagnetic particles (shown in orange) em-
bedded within a diamagnetic core (shown in blue).

Lastly, the interplay between thermal and gravitational energy
significantly influences the suspension stability regarding the sedimen-
tation, in contrast to ferrofluids. This competition translates as follows

E kT

L (2.12)

Ec ApVgh
with Ap close to pequ, thus smaller than the ferrofluid case. The larger
h is, the smaller the critical diameter to sustain stability against sedi-
mentation.
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With otherwise keeping the same values as in section 2.2.2; this leads
to a diameter with a magnitude of order around 10~7m, still smaller
than the size of superparamagnetic colloids.

To better look into this issue, we will consider the Péclet Number,

Pe="2 (2.13)

Ts
which compare 75, the Brownian characteristic time for a particle to
diffuse on a distance equivalent to its radius, and 7g, the characteristic
time for a particle to settle on the same distance [45, 50]. This comes
back to comparing the thermal and gravitational effects. If R stands for

the particle radius and D the diffusion coefficient, 75 can be written as

RQ
™B = 5
If v, stands for the particles characteristic sedimentation speed, 7¢ can
be written as :

(2.14)

R
= —. 2.1
= (215

This leads to this expression for the Péclet number :

_ s

P . 2.16
o= (2.16)

The sedimentation speed of one particle can be determined by
equalizing the Stoke force Fs applying on this particle and its weight,
with the Buyoncy deducted. If Fs is expressed as Fg = 6mnRvg, with n
the fluid viscosity and Ap the difference between the solid and the fluid
density, then the sedimentation speed is

_ 2R*Apg

(%
S 977

(2.17)
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D, the diffusion coefficient, is expressed thanks to the Stokes-Einstein
relation as

kT
~ 6mR’

Using those expressions for vg and D gives this expression for the Péclet
number [50] :

(2.18)

_ AR'TApg
- 3kgT

The transition between a system dominated by the thermal agitation
and a system driven by the sedimentation occurs theoretically at Pe = 1,
but it is commonly considered that the brownian motion is significant
when the Péclet number becomes smaller than 10. If we consider Ap
to be around 10, which is consistent with common superparamagnetic
colloids and water density, we find a radius smaller than 1 ym for the col-
loidal particles. This indicates that micrometric particles suspended
in a fluid would be relatively stable against settling.

Pe (2.19)

As for ferrofluids, superparamagnetic particles are attracted to each
other because of the van der Waals interactions. To prevent this aggre-
gation, unrelated to any magnetic interactions, the particles are coated
with chemical groups that will charge in the liquid, inducing an Electric
Double Layer (EDL) that will shield the particles against the van der
Waals attractive force [45]. This is similar to what was already described
in section 2.2.2 for ferrofluids.

2.4  Overview

In summary, there are three main differences between ferrofluids and
superparamagnetic colloids.

The primary and most significant difference is the composition of
the particles. Ferrofluids are made with permanent magnets, or fer-
romagnetic particles, whereas magnetic colloids use non-permanent
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magnets, or superparamagnetic particles. However, both rely on ther-
mal agitation, which allows ferrofluids to exhibit no magnetization when
no magnetic field is applied, and enables magnetic colloids to display no
magnetic dipole at the colloidal scale in the same context.

The second difference lies in the size of the particles. Ferrofluid
particles are smaller (typically around 1079 in size) than magnetic col-
loids (typically around 107% in size), leading to distinct behaviours. In
both cases, there is no aggregation when no magnetic field is applied.
This is due to the ferrofluid particles having sufficient thermal energy to
prevent magnetic aggregation, thanks to their size, and superparamag-
netic colloids showing no magnetic dipole in the absence of an external
magnetic field. When a magnetic field is applied, particle dispersion re-
mains homogeneous in ferrofluids, while either magnetophoresis or
aggregation is observed in magnetic colloids, depending on the field ho-
mogeneity. Regarding particle settling, it does not occurs in ferrofluids.
Theoretically, it should not occur either in the case of superparamag-
netic colloids, but sedimentation is still observed after a long time
(several hours).

Finally, beyond distinctions related to the particles themselves, we
must also consider the fluid medium. Indeed, oils are predominantly
used in the case of ferrofluids, while water is preferred for magnetic
colloids.

All these features contribute to distinct behaviors under the influence
of an external magnetic field, both at the microscopic and macroscopic
level, depending on the magnetic field characteristics. In this work,
we focus on microscopic and macroscopic effects on superparamagnetic
colloids through the application of a time-varying magnetic field.
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Magnetic colloids in a Plane
Dancing particles and their dynamic Structures

As outlined in the preceding chapter, magnets in general are of con-
siderable interest to scientists because of their ability to be externally
controlled. In the specific domain of superparamagnetic colloids, man-
aging the movements of the dispersed particles without inducing fluid
body motion enables diverse applications, including water depollution
[51, 52], fluid mixing [53-55], and drug targeting [56—59]. This control
over particle motion is achieved thanks to specific magnetic fields [24,
60]. Each type of external magnetic field (homogeneous/inhomogeneous,
constant/time-varying) leads to distinct interactions among the dispersed
particles, yielding varied dynamics and assemblies [27, 61]. Our in-
vestigations primarily focus on homogeneous magnetic fields, whether
constant or time-varying. In this chapter, we look further into the in-
teractions between the dispersed particles and their microscopic conse-
quences.

3.1  Particles interactions

When suspended in a fluid alongside numerous other particles and ex-
posed to an external magnetic field B.,;, superparamagnetic colloids
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interact with both this external field and the magnetic field produced
by all of the surrounding particles. The magnetic field generated by one
particle is equivalent to that of a point dipole with the same magnetic
moment located at the sphere’s center, and can therefore be expressed
as in Eq. (2.1) [42, 48]. Note that since the particles are suspended
in a medium, the term g in this expression must be replaced by the
medium’s magnetic permeability. However, in the case of superparam-
agnetic colloids, the medium is aqueous, and its magnetic permeability
approximates pg. Consequently, a single colloid i experiences a total
magnetic field étot, resulting from the superposition of B..; and éj, the
magnetic field produced by the other particles j in the suspension. This
total magnetic field is expressed as follows :

Biot = Bext + Z B;. (3.1)
J#

From this surrounding magnetic field arise both a force and a torque,
whose expressions were provided in Eq. (2.2). When B..; is homoge-
neous, as will invariably be the case in our experiments, particles rotate
to align with it, but do not experience any force, whereas Ej is invariably
inhomogeneous, inducing a force on the particle . The force exerted on
the particle can also be expressed as F=_-VU , where U plays the role
of the interaction potential between [ and gtot :

U = —ﬁ : étot' (32)

Given this equation and the expression of B provided in Eq. (2.1), we
can derive U, 2, the interaction potential energy between two particles,
with their respective magnetic moment 7, pi3, and 7, the unit vector
connecting their center :

.~ Mo =3 - P)(iy - T) - i
1,2 — .

2= = (3.3)
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Substituting each magnetic moment f with its expression from Eq.
(2.11), and considering spheres with identical radii R, the foregoing
equation is rendered as :

1 (—=3cos’H+1
Ul(r,0) = 47TR6X72nB29—m( 3 >. (3.4)

In this expression, the angle # is measured between B and 7. The two
magnetic moment fi; and fi; are aligned with the field, thus pointing in
the same direction é,.

Since U ~ 1 —3cos?#, two primary scenarios arise, depending on the
values of #. These two scenarios correspond to an attractive (U < 0)
or a repulsive (U > 0) interaction between the two particles. The tran-
sition from one case to the other occurs when U = 0, manifesting as
the magic angle 6, = 54,7°. These scenarios are depicted in Fig. 3.1.
When the two particles are aligned with one another, 6 is equal to 0°,
meaning that U is negative and minimal, which leads to the attraction
of the particles. Conversely, when the particles are side to side, which
corresponds to 6 = 90°, U is positive and maximal, yielding the repul-
sion of the particles. This phenomenon gives rise to the formation of
chains aligned with the applied magnetic field. The aggregation into
chains has been both theoretically and experimentally demonstrated in
several studies [27], and has been proven to be reversible, with chains
disassembling once the external magnetic field is removed.

Having established the fundamental interactions between the
particles, we now turn our attention to the behavior of the system
under a constant and a time-varying magnetic field.
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Figure 3.1: Diagram illustrating the dipolar interaction between two
particles subjected to an external magnetic field B. Each particle’s
magnetic moment is aligned with B. The orange arrows denote the
dipolar force experienced by each particle, while the red vector represent
7, the unit vector connecting the particles. The angle 6 between B and
7" is specified for each scenario. When 6 = 0°, the two particles are
attracted to each other. Conversely, when 6 = 90°, the two particles
repel each other. The case where no force is experienced by the particles
correspond to the magic angle, 6,, = 54, 7°.

3.2  Constant magnetic field

Considering the interaction potential in Eq. (3.4) in the context of an
homogeneous external magnetic field constant over time, we can un-
derstand that the dispersed particles will assemble into chains oriented
along B..i. The pair interaction potential driving this aggregation is
spatially anisotropic, and results in a magnetic force exerted on the ‘"
particle by the j™. Since F = —VU and given Eq. (3.2), this force can
be expressed as follows, taking into account Eq. (2.1) :

Fyy = =V(—ji; - By,). (3.5)

26



This results in the following radial and tangential components :

3hio i pia
Fijz = W(l — 3cos’h), (3.6)
Spopiple
Ejfe = —W sin 26. (37)

Which translates as, when considering Eq. (2.11) with spherical parti-
cles of the same radius R :

4w RSY2 B2

_ ext 2
Fije = Sior] (1 —3cos“0), (3.8)
47 RS2 B?
Fyig, = ——— 27" oin 2. 3.9
J,€6 3M0T4 S ( )

The magnetic force described above drives the particles from a dis-
persed configuration to a head-to-tail alignment. The growth of
these chains can be effectively described by the Smoluchowski equations,
which predict that the mean size of the chains (s) follows a power law
(s) o t* after an initial short-time transient period where the growth is
practically null [40, 62, 63]. In long-term experiments, the length of the
chain eventually reaches a saturation value, depending mainly on the
strength of the magnetic field, as illustrated in Fig. 3.2. The viscosity of
the medium fluid also plays a role by influencing the characteristic time
of the agglomeration process, although it does not significantly alter the
underlying physical mechanisms [40]. Additionally, a coupling between
the aggregation and the subsequent sedimentation has been observed
[64], and is detailed in Section 4.4.

Below a critical value of the magnetic field, the saturation length of
the chains is due to the system reaching a thermodynamic equilibrium
and has been predicted by Andreu et al. through both numerical simu-
lations and thermodynamic analysis [65].
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Figure 3.2: Log-log plot from Darras et al. [63] showing the evolution
of (s) over time for different magnetic field intensities. Initially, growth
is negligible, followed by a power-law growth period fitted by the solid
lines with exponents 0.1, 0.57, 0.75, and 0.68. Beyond the dashed line,
the mean length reaches a saturation value dependent on the magnetic
field amplitude. Error bars indicate the size of the data points.

This equilibrium emerges from the interplay between the magnetic
energy of the particles and the entropy of mixing. As indicated in Eq.
(3.4), the particles magnetic energy is minimized when they are all ag-
gregated. The entropy of mixing, on the other hand, is maximized for
a mixture of different chains. In a three-dimensional system, the com-
petition leading to the thermodynamic equilibrium results in the follow-
ing expression, assuming that the particles solely aggregate into linear
chains and not into other stable structures such as rings or ribbons [27,
63, 65] :

(s) =/ poexp(l' —1). (3.10)
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Figure 3.3: Plot from Darras et al. [63] showing mean chain length at
saturation for various magnetic field amplitudes, with each color repre-
senting a different amplitude range. For each amplitude range, typical
behaviors are depicted in Fig. 3.2 using the same color scheme. The
solid black line fits data within the grey area to the model in Eq. (3.10).
In this range, the mean saturation length aligns with the model. For
stronger magnetic fields in the white area, experimental results show
shorter aggregates than predicted, suggesting the need to consider chain
aggregation into ribbons.

In the previous equation, ¢ is the total particles volume fraction and
I' is a dimensionless parameter translating the competition between the
magnetic and the thermal energy such as
Unin Y2mR3B?

cot, (3.11)

=— -
/{BT guokBT
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U,nin refers to the minimal magnetic interaction potential of a pair
of colloidal particles, which is achieved when the particles are aligned
head-to-tail in the direction of the external magnetic field. In this situ-
ation, r = 2R and 6 = 0 in Eq. (3.4).

However, when investigating experimentally the saturation length
of the chains with long-time experiments, a discrepancy with the the-
oretical expectations from Eq. (3.10) appears above a critical value of
the external magnetic field, as illustrated in Fig. 3.3 with experimen-
tal results obtained by Darras et al. [63]. In their work, Darras et al.
state that the fact that the saturation length is lower than expected
past a critical B.,; is due to the formation of ribbons, which they ob-
served experimentally. In this case, they found that two chains of 15
particles aggregated side by side are more stable than a single chain
of 30 particles by estimating the energy barrier for lateral aggregation.
The width of these ribons was observed to go up to 3 particles diameter.

To summarize, when exposed to a magnetic field, the superparam-
agnetic colloidal particles first do not aggregate, for a short transient
time. After this short time, the particles start to aggregate, either into
chains or into ribbons, depending on the intensity of the external
magnetic field. Below a critical value, chains are observed, with a larger
saturation length when B, is stronger. Above this critical magnetic
field intensity, ribbons are rather observed, with a more or less constant
saturation length.

3.3 Rotating magnetic field

The preceding reasoning describes the aggregation kinetics of colloidal
particles into chains when exposed to a static magnetic field. However,
keeping in mind the goal of controlling externally the particles, it ap-
pears that using a time-varying magnetic field is interesting, since
it offers more complex interactions and a wider range of dynamics.

While a magnetic field may vary with time in a lot of different ways,
one of the simpliest is the rotating magnetic field. This is by the way
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precisely the type of time-varying magnetic field that will be explored
in this work.

A rotating magnetic field is defined by two sinusoidal waves sepa-
rated by a phase of 7/2 :

= cos(wt) €

Beat = Bo (sin(wt) €y) ’ (3.12)
with By the external magnetic field intensity and w the magnetic field
angular velocity.

3.3.1 Rotating Chains

If we consider a referential system rotating at constant speed with the
external magnetic field, the situation appears to be similar to the one
described before, with the formation of chains in the same direction as
the external field, due to magnetic interactions. However, an additional
interaction must be taken into account, due to the viscosity of the sur-
rounding medium and the fact that the chains are moving in the fluid
[26, 66—69]. As a reminder, the most used medium liquid in the context
of superparamagnetic colloids is water.

In the case of a static field, the chains aggregation dynamics are
driven by the magnetic force experienced by a particle due to all of the
other surrounding particles. The particles also experience a magnetic
torque, that make them rotate to align with the external magnetic field.
In the case of a rotating field, the situation is different. Indeed, the chain
as a whole is first orientated as the field, but since the field is rotating,
its orientation varies with time. The characteristic time for the chains
to realign with the external magnetic field is non zero, inducing a phase
lag angle 6y between the chain and the field. This phase lag induces
a magnetic torque on the individual particles, leading them to rotate,
and resulting in the rotation of the chain itself in a process that will
be further explained in the following section. The rotation of the chain
in the medium fluid is impeded by the viscous drag due to its viscosity,
which further increases the phase lag angle 6.

31



The dynamics of the rotating chains are thus led by the
competition between the magnetic and the viscous torques.

Considering a straight chains made of several particles and making
an angle #, with the external magnetic field, we can expect from Eq.
(3.8) and Eq. (3.9) that each particle experiences a dipole-dipole force
due to its neighbours. However, as expressed in these equations, this
dipole-dipole force scales as 7%, meaning that only the closest neigh-
bours will have an influence. Therefore, all particles situated in the core
of the chain and not at its extremities experience an approximately null
net force, as the influence of one neighbour is balanced by the other-side
neighbour. Thus, the only particles to experience a significant aligning
force with the magnetic field are those at the chain extremities. This
implies that the first particles to move in order to align with the mag-
netic field are the extreme ones, leading to the rotation of the chain
and inducing a characteristic S-shaped deformation in the direction of
rotation.

If the phase lag angle 8y between the chain and the external magnetic
field remains smaller than the magic angle 6,;, the chain continues to
rotate and align with the field. However, if 6, becomes larger than 6,,
due to viscous drag, the dipole-dipole force transitions from attractive
to repulsive, leading to the break-up of the chain. Given the S-shape
of the chain, this break-up is expected to occur at its center, where
the phase lag is the largest. This phenomenon has been observed both
numerically and experimentally, confirming the theoretical predictions
[26, 67-T1].

3.3.2 Chains break-up frequency

In order to further look into this interplay between the magnetic ef-
fects and the viscous drag, it is decisive to formally define the mag-
netic torque, translational friction torque, and rotational fric-
tion torque. Various approaches have been explored in the literature
to accomplish this task. Notably, Vazquez-Quesada et al. [26] have
introduced in their work a multi-order drag approach, which they com-
pare to existing theoretical frameworks and empirical findings.
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First, to express the magnetic torque, we approximate the chain
as being straight. Additionally, since the rotation of the chain is driven
by the motion of the external particles, we consider that all the magnetic
torque is exerted by those particles, and that the subsequent internal
particles motion is due to the magnetic attraction force between them.
Then, the magnetic torque can be computed as

75 = L& x Fy, (3.13)

with L the chain length, é,. the constant unit vector oriented in the chain
direction (which corresponds to €, in Eq. (3.6)) and Fy the magnetic
force exerted on the external particle (which corresponds to F;-j in Eq.
(3.5), the external particle being the i particle and its first neighbour
the j'* particle). Considering that the external magnetic field rotates
at an angular velocity w with an initial phase of rotation ®, whereas
the chain rotates at an angular velocity w’ with an initial phase of ro-
tation ®’, and assuming all particles within the chain possess the same
magnetic moment s, the magnetic torque can be expressed as follows :
3o

pop?
=1L 1 sin(2(w — W)t 4 2(® — P')). (3.14)

Moving on to the viscosity torque acting on the chain, it is essential
to account for two distinct types of friction. The first arises from the
movement of the chain within a viscous fluid, while the second originates
from the rotational motion of the particles in the fluid. It’s worth noting
that this friction torque can also be described using the shish-kebab
model [72] for long chains, with an adapted version for short chains. In
our case, following the work of Vazquez-Quesada et al. [26], the friction
experienced by a particle ¢ due to the chain movement is expressed
thanks to the Stoke’s Law, as we are in the context of a low Reynolds
number :

E, = —6mnR (& x 7). (3.15)
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This formulation yields the translational friction torque as:
T = —6mnR Y T x (& x 7), (3.16)

On the other hand, the rotational friction torque on a single particle is
expressed as

7, p = —8mR*J . (3.17)

The addition of those two components gives as a result the total viscous
friction torque on a chain of N particles, with the origin of coordinates
located in the middle of the chain, meaning that 7; and &' are normal :

7, =—6mR Y 7 x (& x ;) — N8mR*W

(3.18)

Now that the the magnetic and the viscous friction torques have
been calculated, we are able to describe the evolution of the rotation
dynamics with the following expression, introducing I, the moment of
inertia of the chain :

When using Eq. (3.13), Eq. (3.14) and Eq. (3.18), this expression
results in

sin(2(w — W)t + 2(® — @)

— 2R’ (3 > i+ 4NR2> .

(3.20)
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Given that the origin of coordinates is located at the chain cen-

ter, and that the chain is made of N particles, we can deduce that
2_ .

T2 = %w#. We can also express the chain length (center-to-

center distance between the two external beads) as L = (N — 1)r.

In order to find the critical frequency above which the chain will
break-up, we consider the situation where the chain is able to follow ex-
actly the external magnetic field at a constant angular velocity, meaning
that a stationary state is established and that the chain will not break
up. This corresponds to the case where w — w’ = 0 and % = 0, leading
to an equilibrium phase 6y = ® — ®’ such as

dmr N (1
sin (20,) = 2mnRw— (—(N2—1)r2+4R2). (3.21)

Bpopy (N — 1) \ 4

The situation where the magnetic torque 75 expressed in Eq. (3.14)
is maximum corresponds to 6y = 7/4. As long as the maximum 75 is
larger than the total viscous torque 7,, the magnetic effects will be
able to balance the viscous friction, and the chain will be able to
follow steadily the external rotating field.

This condition resumes to 6y < /4 since if at the start 6y < 7/4,
the viscous friction will delay the chain rotation until reaching the value
where magnetic and viscous torque balance each other. However, this
value will never be reached if 6, > 7/4, and the solution of Eq. (3.21)
obtained under the steady assumption will be unstable, leading to an
increasing delay of the chain compared to the external magnetic field.
Once the delay will reach the value of #,; exposed in section 3.1, the
magnetic interactions will become repulsive instead of attractive, and
the chain will rupture.

We can thus find the intended critical frequency at which the chain

destabilizes and breaks by replacing 6, by its critical value, 7 :

1 3“0'“?) (N - 1) I 2 2 -
. = —(N“—1 4R . 3.22
“ 2mmR 4mr3 N 4< r+ ( )
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If we consider that the particles are touching each other in the chain,
then r = 2R, r being the center-to-center distance between two adjacent
particles and R the particles radius. This gives this expression for the
critical break-up frequency :

Bpop® (N —1)

. _ 3.23
6472 Ry N(N? + 3) (3:23)

Similar approaches have been conducted by Gao et al. [68] and
Franke et al. [53], with slight differences in the definition of the mag-
netic and viscous friction torques. Both of the resulting critical break-
up frequencies are quite close to the one presented above, since they all
predict the decreasing of w. for an increasing chain length. However,
all three of them also quantitatively overestimate the critical frequency
compared to numerical simulations, especially for short chains, even if
it seems less clear when comparing to experimental results.

To resolve this overestimation, Vazquez-Quesada et al. have added
to the friction torque the lubrication interaction between two close
particles. This interaction comes from the presence of a thin fluid film
between the surface of two close solids, as it is the case in a chain su-
perparamagnetic colloids. For very close particles, this interaction can
be larger than the Stoke’s drag, which indicates that its influence can
be decisive. As it is the case for the magnetic forces on the internal
particles, the net lubrication force will be null, since the influence of
the two neighbours of such an internal particle will balance each other.
Then, the effect of lubrication will only be relevant for the extreme par-
ticles. Furthermore, only the tangential lubrication will be considered,
since we assume that the distance between the particles does not change
significantly over time (before the breakup), meaning that normal lubri-
cation is not important. On the opposite, the tangential velocity of the
particles increases the further the particle is from the center, meaning
that tangential lubrication will be significant [26]. Since the addition
of the lubrication does not change the qualitative description of w,. in
regards to the chain length, we will not discuss it further in this work.
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Figure 3.4: Figure from Vazquez-Quesada et al. [26], comparing 5
distinct models for the chain critical break-up frequency (solid curves)
to simulation results (circles with errorbars). In red, the model detailed
in this section, which leads to the critical frequency in Eq. (3.23). In
green, the same model with the lubrication friction added. In blue, pink
and black, 3 other models developed respectively by Franke et al. [53],
Gao et al. [68] and Petousis et al. [66], with other approaches to the
expression of magnetic and viscous torques.

All of the previously discussed approaches are illustrated in Fig.
3.4, which highlights the decrease in the critical breakup frequency as
chain length increases. This also implies that as the external mag-
netic field rotates faster, the chains in the suspension become
shorter.
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3.3.3 Rotating disk-like clusters

As discussed in the previous section, the angular velocity of the magnetic
field is the critical parameter governing the length of the chains. How-
ever, when this angular velocity surpasses the translation speed of the
particles, the interaction potential becomes isotropic, leading to sig-
nificantly different assembly dynamics and resulting structures. Indeed,
in this conditions, the potential expressed in Eq. (3.4) can be averaged
over one period or rotation, considering that the magnetic dipoles are
rotating at the same speed as the field with a constant phase lag angle 6,
[73, 74]. This leads to the following expression, with the crucial assump-
tion that the translational motion of the particles over one rotational
period of the field is negligible :

12
Uiso - _ﬁ (324)
Given the fact that this potential is attractive, the particles are no
longer assembling into chains directed in the same direction as the mag-
netic field, as it was the case for smaller rotation speeds, but rather clus-
tering into disk-like structures. Such structures are indeed observed
both experimentally [70, 75] and numerically [73, 74]. These nondi-
rectional interactions are frequently likened to intermolecular forces.
Consequently, cluster assemblies exhibit configurations and dynamics
reminiscent of those observed in molecular systems, and can be used

as experimental thermodynamic models for molecular phase transitions

[24].

As it is the case for smaller rotational frequencies, the magnetic in-
teractions lead the movements of the colloidal particles, and since the
particles are moving in a viscous fluid, they also experience hydrody-
namic effects. The aggregation dynamics are thus driven by the com-
petition between the magnetic interactions and the hydrodynamic
interactions. The magnetic interaction potential in this case has al-
ready been described in the preceding paragraph (see Eq. (3.24)), and
leads the particles to move and gather into isotropic clusters. Please
note that those clusters also rotates, with varying rotational speeds.

38



This constitutes a main difference compared to the chain aggrega-
tion case. Indeed, not only the magnetic interactions, which lead the
particles and clusters motion, but also the consequent hydrodynamic
interactions both differ from the previous case. It is thus necessary to
study the hydrodynamic interactions and their impact on the aggrega-
tion process as well as on the final clusters.

To do so, we can introduce hydrodynamic interactions between parti-
cles by means of the configuration-dependent 3N x 3N diffusion tensors
D", D", D"". The two tensors D" and D' account for, respectively,
the translational diffusion and the rotational diffusion, while the tensor
D" stands for the coupling of rotational and translational motions. This
last tensor is equal to zero when hydrodynamics interactions, or HlIs,
are neglected. In this case, D" and D" become diagonal and constant
matrices. Their eigenvalues are then equal to Df and Dj, the trans-
lational and rotational diffusion coefficients at infinite dilution. Those
diffusion coefficients are related to the particles diameter by Stokes laws.
Those three tensors are subtensors of the grand diffusion tensor :

tt tr
D - @ﬁ ]I))M) | (3.25)

By considering those diffusion tensors and the magnetic interaction
potential, Brownian dynamics simulations were used to investigate the
system with and without HIs, notably by Jager et al. in 2013 [74]. This
allows for highlighting the specific impact of hydrodynamic interactions.
In this context, the positions of the particles regarding time can be
expressed as following

1 —
7i(t + At) =ri(t) + —— § D FAt
]{ZBT : 177 ]
) ’ (3.26)
t/]" = — -
+k‘B_T Ej D ~TjAt—|— RZ(D,At) X ei(t),

ij
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while their orientation €; evolves as

&t + At) = (kBT Z DILF;At + o Z DT, At) x &(t)

+R,(D, At) x &(t).
(3.27)

In these equation, F and T refer respectively to the magnetic force com-
ing from the surrounding particles, and to the magnetic torque coming
both from the surrounding particles and the external magnetic field.
Those forces and torques are the same as investigated before in the pre-
vious subsections. R; stands for the random displacements and behave
as

(R;) =0, (3.28)
(Ri(At)R;(At)) = 2D, At. (3.29)

From Eq.(3.26), it is noteworthy that D' allows for the coupling of
torques acting on the particles, or their rotational motion, to their trans-
lational motion. Specifically, the particles rotational motion induces a
fluid flow that impacts the translational motion of surrounding parti-
cles. Simulations incorporating these equations, both with and without
hydrodynamic interactions, highlight the distinctive effects of such in-
teractions.

These results suggest that HIs do not prevent cluster formation.
However, they do appear to reduce the maximum frequency at
which aggregation occurs, as illustrated in Fig. 3.5, from Jéager et al.
[74]. Moreover, HIs accelerate the clustering process and are the
primary cause of cluster rotation. More precisely, it is the coupling
between the rotational and translational motion that drives this rota-
tion. Indeed, the magnetic torque-induced rotation of a particle leads
to the translation of its neighbours through hydrodynamic coupling, re-
sulting in the collective rotation of the entire cluster [76].
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Figure 3.5: Figures modified from Jager et al. [74]. (I) and (II) show
snapshots of the simulation results, illustrating the aggregation into
disk-like clusters and the influence of hydrodynamic interactions on the
system. In (I), no HIs are computed, while in (IT), all hydrodynamic
couplings are considered. In (III), the comparison between the case with
HIs on top and with no HIs below show that the maximum frequency
of clustering is reduced with Hls.

Those two hydrodynamic effects are depicted in Fig. 3.6, also from
Jager et al.. Lastly, HIs also impact the structure of the cluster
itself, although this aspect will not be discussed further here [76, 77].

3.3.4 Transition from chains to disk-like clusters : experi-
mental observations

The aggregation into rotating disk-like clusters has been observed ex-
perimentally by many research teams [24, 30, 76, 77|, including Na-
gaoka et al. [75], wich confirm that the magnetic field’s rotational fre-
quency plays a major role regarding the resulting structure.

To investigate the cluster formation, they used a high-speed video
camera and superparamagnetic particles with an average diameter of
1.8240.59 um. Those particles were suspended in water, with a volume
fraction of 0.081, and confined in a 2D configuration between two glass
plates. During the experiments, they applied first a constant magnetic
field in the plane of the suspension for 20 min, then made it rotate in
the same plane at a frequency of 0.1 Hz for another 20 minutes.
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Figure 3.6: Figures modified from Jager et al. [74]. The top plot
shows the mean distance between particles over time, highlighting that
HIs accelerate the aggregation process. The bottom plot represents the
mean angular velocity of the particles around the cluster center as a
function of their distance from the center. This demonstrates that Hls
are entirely responsible for the cluster global rotation.

The rotational field frequency was then increased to 2 Hz and 10 Hz,
each for 20 minutes. The resulting structures are displayed in Fig. 3.7
and indicate that in these conditions, the transition from chains to disk-
like clusters occurs around a critical frequency of 2Hz. Besides the
rotational frequency, other key factors found to influence aggrega-
tion and clustering dynamics include magnetic permeability, solvent
viscosity, and colloid magnetization.
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Figure 3.7: Figure from Nagaoka et al. [75]. Experimental snapshots
showing the diversity of structures induced by a rotating magnetic field
applied to superparamagnetic colloids. In (a), the magnetic field is con-
stant and oriented upward. The magnetic field is rotating at a frequency
of 0.1Hz in (b), 2Hz in (c¢) and 10Hz. The inset scale bar represents
100 pm.

In parallel, Melle et al. [67, 70, 78] observed a crossover frequency
between chains and disk-like clusters using dichroism experiments, and
estimated its value between 1 Hz and 10 Hz, as depicted in Fig. 3.8. In
those experiments, the magnetic particles were prepared into suspen-
sions with 50% glycerol and volume fraction ranging from ¢ ~ 0.001 to
¢ ~ 0.02. The use of the scattering dichroism allow to measure time
evolution of both the dichroism, An”(t), and the orientation of the ag-
gregates, 0 (t).
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Figure 3.8: Figure adapted from Melle et al. [78], showing the varia-
tion of steady dichroism with the magnetic field’s rotational frequency
for different superparamagnetic colloids volume fractions. Before the
crossover frequency, the dichroism does not vary with the magnetic
field’s rotational frequency. Beyond this point, the dichroism decreases
significantly with frequency, indicating the break up of the chains.

The measure of An”(t) gives the difference between the extinction of
the incident light with polarization parallel or perpendicular to the long
axis of the aggregates, and An{ correspond to the dichroism when the
equilibrium is reached, or steady dichroism, which is shown in Fig. 3.8.
This steady dichroism is constant regarding the field frequency below f.,
the crossover frequency. However, it suddenly decreases once the field
frequency surpasses f.. This sudden decrease in steady dichroism is due
to the break up of the chains and the formation of isotropic clusters,
which appear to rotate at a slower rate than the external magnetic field.
Melle et al. also showcased a linear dependence on the magnetization
squared and the inverse of the viscosity.
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Figure 3.9: Figure adapted from Abdi et al. [79], with on the left
snapshots of long-term experiments. On the right, the corresponding
simulations. Each row from top to bottom corresponds to an increasing
rotational frequency, while time increases in each column. A transient
chaotic behavior is captured in the last two rows, leading to two different
configurations after a long time : the (un)stable molecule and the close-
packed cluster.

However, the crossover frequency does not seem to depend on the
volume fraction. Both Nagaoka et al. and Melle et al. used colloidal
systems comparable to those used in this thesis, and their work there-
fore constitutes a valuable benchmark for our experiments.

The transition mechanism from chains to clusters has been studied in
detail by Abdi et al. [79] for short chains made of four colloids at inter-
mediate rotational frequencies, using both experimental and numerical
approaches. This system of isolated chains made of four colloids con-
stitutes the simplest scenario in which the dynamics remain rich and
nontrivial. The colloids used in their study have a slightly larger diam-
eter of 2.8 yum and are suspended in a water-glycerol solution.
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By tracking the chains through optical microscopy and numerical
simulations, they identified two distinct dynamics that occur above a
critical rotational frequency : the (un)stable molecule and the close-
packed cluster. These two dynamics are illustrated in Fig. 3.9, with
results from both experiments and simulation. The top row corresponds
to frequencies at which the chain follows the magnetic field rotation,
while the second row depicts the chain breaking apart due to hydrody-
namic forces. In this case, the main chain breaks into two smaller chains
that continue to rotate periodically with the field, thus reforming peri-
odically the main chain. In the third and fourth rows, the rotational
frequency is high enough to render the magnetic interactions isotropic.
As previously stated, the long-term resulting structures in this situation
are disk-like clusters. However, the short-time response of the chain
consists of a transient chaotic motion. The molecule configuration
(third row) was observed as stable only with the simulations and not in
the experiments, where it remains unstable. The only stable structure
when the magnetic interactions are isotropic is thus the closely packed
clusters.

3.4  Overview

Superparamagnetic colloids suspended in an aqueous medium and ex-
posed to an external magnetic field are influenced by both magnetic
and hydrodynamic interactions. The magnetic interactions, due to the
applied magnetic field, tend to aggregate the particles into clusters,
while the hydrodynamic interactions arise from the particles motion
into a viscous fluid. The structure of the clusters mainly depends on
the characteristics of the magnetic field, such as its intensity or frequency
if it varies periodically over time. The hydrodynamic interactions vary
with the motion of the particles in the fluid, driven by the magnetic
interactions.

For a constant magnetic field, the particles aggregate into chains
oriented along the external field. For a magnetic field that rotates
over time, the resulting cluster structure depends primarly on the rota-
tion frequency.
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Below 1 Hz, the particles form chains that rotate along with the
magnetic field. As the rotational frequency increases, the viscous drag
on the extreme particles of the chain causes the chain to break at a cer-
tain length. The breakup frequency is thus inversely proportional to the
medium viscosity, and the chain length decreases with increasing
rotational frequency.

Above the estimated value of 1Hz, the magnetic interactions be-
come isotropic, leading to the formation of disk-like clusters instead
of chains, as the magnetic field rotates too fast for the particles to follow.
Before aggregating into closely-packed clusters, the particles undergo a
transient chaotic behavior. The hydrodynamic interactions also play a
major role in clustering, as they accelerate the aggregation. Moreover,
they cause the clusters to rotate through the coupling between the ro-
tation of one particle and the translation of its neighbours.

All possible structures arising from the application of a rotating ex-
ternal magnetic field are represented in Fig. 3.10. The main param-
eter governing the form of the resulting aggregates being the mag-
netic field rotational frequency, the different structures are classi-
fied based on the frequency at which they occur.
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Figure 3.10: Schematic drawing of the various structures formed when a rotating magnetic field is
applied to superparamagnetic colloids. On the far left, the case where the magnetic field is constant
over time is illustrated. When the magnetic field is rotating, the observed structures change with
its rotational frequency. They go from long chains rotating with the frequency to shorter chains,
due to the viscous drag in the surrounding fluid. When the frequency exceeds 1Hz, the magnetic
interactions become isotropic, leading to the formation of disk-like clusters that rotate slower than
the magnetic field.
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Beyond the Plane
Expanding 2D structures to the 3D realm

As described in the previous chapter, superparamagnetic colloids sub-
jected to a homogeneous external magnetic field in a 2D configuration
aggregate depending on the characteristics of the applied field. At the
microscopic level, this leads to different structures such as chains or
disk-like clusters. The remaining question is whether these structures
persist in a 3D configuration. If they do, they could induce macro-
scopic effects, since suspension instability against settling could occur,
as particle size is a crucial parameter regarding stability. Aggregates
in a 3D configuration would be larger than individual particles, poten-
tially leading to sedimentation. Conversely, intricate networks could
form, and these structures may be useful once pinned by polymerizing
or freezing the continuous liquid phase to produce composites called
“field-structured”. These materials exhibit distinctive behaviors regard-
ing their permittivity, conductivity, and optical attenuation, making
them valuable for applications like chemical sensors or thermal switches
[80-82]. In this chapter, we will provide an overview of the current
knowledge in this area.
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4.1  Constant magnetic field

Starting first with considering an homogeneous static magnetic
field, as we did while investigating the microscopic 2D configuration,
both simulations and experiments [80, 83-85] result in chain-column
structures. These structures exhibit a dual-scale organization: local
crystalline order at a smaller scale and mesomorphic order at a larger
scale. The chain-column structures align with the direction of the mag-
netic field, as depicted in Fig. 4.1.

Figure 4.1: Simulation results from Martin et al. [80] depicting chain-
column structures for ¢ = 0.1 under a uniaxial field. Left: view parallel
to the field axis; Right: view perpendicular to the field axis.

Simulation results particularly highlight that low-concentration sys-
tems, such as those examined in this thesis, display well-defined colum-
nar structures. As concentration increases, there is a transition to a
branched network with cavities. Detailed analysis of particle arrange-
ments reveals the formation of short chains at low concentrations, which
coalesce into complex structures such as cruciform defects and small
hexagonal sheets aligned with the z-axis. This merging of chains into
columns has been experimentally observed as well [86]. Another notable
feature is the ”zippering” phenomenon, where chains align and merge,
forming small sheets and bridges between the columns. These "small
hexagonal sheets” can be considered analogous to the ribbons observed
in 2D (see Section 3.2).
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Figure 4.2: Figure from Martin et al. [80] picturing the optical atten-
uation length in the direction of the field plotted as a function of time,
in the case of a uniaxial field. The slow growth is effectively described
as a power law in time, with an exponent depending on the colloidal
volume fraction.

An interesting consequence of this coarsening at low concentrations
is the increase in the optical attenuation length L. along the field
axis. Indeed, as columns form over time, the sample becomes more trans-
parent, implying a gradual increase in the optical attenuation length,
which evolves as a power law. The exponent of this power law depends
on the concentration: the lower the concentration, the higher the ex-
ponent, thus the quicker the increase of L.. This phenomenon is easily
probed experimentally and provides a convenient method for verifying
the formation of chain-column structures.
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4.2  Rotating magnetic field

Having described the uniaxial field and its resulting structures, we now
consider the case of a homogeneous rotating field in a biaxial con-
figuration. In this scenario, the potential introduced in Eq. 3.24 has to
be modified. Indeed, in 3D, we must account for ¢;;, the angle between
Tij, i.e the vector linking the particles ¢ and j, and the z-direction, i.e
the direction perpendicular to the magnetic field plane [87]. This leads
to a new time-averaged potential, derived under the same assumptions
as Eq. 3.24 and based on the same dipole-dipole potential:

U0 — 2 1 —3cos’ 92-]-‘

180 27,Z3j

(4.1)

This potential is attractive if cos? 6;; < 1/3, which corresponds to
particles i and j being close to the same plane as the field. On the
opposite, if cos? 6;; > 1/3, the potential is repulsive, causing particles to
repel each other. Consequently, a particle will be attracted to others in
the field plane, but repelled by those outside this plane, leading to the
formation of layers in the field plane. This layering has been observed
in experiments [88] and simulations [81, 89] across a wide concentration
range, provided the magnetic field intensity is strong. As in the 2D con-
figuration, the structures exhibit local crystalline order at small length
scales and mesomorphic order at larger length scales. They also have
a strong tendency to align with the field, and "staircases” connect the
sheets as well, similarly to how bridges connect columns in the uniaxial
case.

An interesting observation from the simulations is that chains ini-
tially form within the sample [81]. These chains are rapidly incorporated
into hexagonal sheets and, therefore, do not appear to play a significant
role in the overall structure formation. However, their lifetime seems
to be longer at lower concentrations. For reference, the chains life-time
is of the order of 1 ms in the simulation time scale, whereas hexagonal
sheets are maximized after 75 ms in the simulation time scale.
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Figure 4.3: Figure from Martin et al. [81] showing a view parallel to
the plane of the field of the sheet structures observed for ¢ = 0.1 in the
case of a biaxial field.

Similar to the uniaxial field case, the optical attenuation length in-
creases over time, and is larger for lower concentrations. Here, the
coarsening kinetics differ from the uniaxal case, as indicated by the
larger exponents for the fitted power laws shown in Fig. 4.4. This
discrepancy may be attributed to the fact that the sheets are weakly
connected to each other, which facilitate a faster flattening of the layers.

As in the 2D case, the formation of structures, specifically layering,
depends on the rotational frequency and field strength. It also varies
with the dipole moment of the particles, their concentration within the
surrounding fluid, and the fluid’s density. More precisely, simulations
show that layering occurs only within a specific frequency range and
does not appear outside of that range [89-91]. The upper limit of this
frequency range and the corresponding field intensity for layering are
depicted in the phase diagram of Fig. 4.5 from Jager et al. [90]. Con-
sidering the size of the particles used in this thesis, this upper limit
appears to be over 1kHz. It should be noted that hydrodynamic inter-
actions were not considered in this diagram, and the authors anticipate
these interactions to lower the upper limit.
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Figure 4.4: Figure from Martin et al. [81] picturing the optical atten-
uation length in the plane of the field plotted as a function of time, in
the case of a biaxial field. The optical attenuation length progressively
increases with time, as it was the case for a uniaxial field.
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Figure 4.5: Figure from Jager et al. [90] representing the configura-

tions of magnetic field intensities and rotational frequencies where layers
are formed (full squares) or not (empty circles).
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The lower limit of the frequency range, investigated through similar
simulations [91], is estimated around 500 Hz, although its interaction
with magnetic field intensity has not been studied. Given the frequencies
examined in this thesis, layering is not expected to occur, although
the hydrodynamic interactions and the magnetic field intensity could
challenge this assumption. The dipole moment, colloidal concentration
and fluid density on the other hand seem to influence the structure
of the sheets and their number. Indeed, strong dipole moments, low
concentrations and low densities correlate with enhanced layering [91].

4.3  The case of rotating rods

If the rotation frequency is insufficient to allow the interaction potential
to be time-averaged, as presented in the previous section, we can expect
rotating chains, or more likely rotating columns, to form in 3D, simi-
larly to the 2D configuration. Should this occur, the observations would
resemble those of rod-shaped particles suspended in a fluid and rotating
in three dimensions. This specific scenario has been investigated both
experimentally and numerically, and the corresponding conclusions are
presented hereafter.

Klein et al. and others experimentally studied the light transmis-
sion through a cell containing a suspension of Ni nanorods when ap-
plying a constant magnetic field [92, 93]. These nanorods, obtained
through electrodeposition of nanoparticles, exhibit a single magnetic
domain with a predominantly uniaxial shape anisotropy. This charac-
teristic implies that their magnetic moment aligns preferentially along
their long axis, as it is the case for chains of superparamagnetic colloids
under an external magnetic field. Their findings are comparable to those
presented in Section 4.1 for spherical colloids submitted to a uniaxial
field.

Similar rods were studied for the case of a biaxial rotating magnetic
field, notably by Giinther et al through experiments with magnetic fields
rotating at frequencies from 10 to 500 Hz and intensities from 10 to 80 G.
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When rotating in 2D, the nanorods exhibit the exact same behav-
ior as the chains described in Section 3.3. Specifically, they follow the
rotating field as long as the rotation rate remains below a critical fre-
quency but fail to follow the field’s rotation once this critical frequency
is exceeded [94-96]. The primary difference between the chains and the
rods is that the chains break up when they can no longer follow the
magnetic field rotation, as the phase lag angle becomes larger than ;.
In contrast, the break-up is not an option for the rods; instead, 6 fluc-
tuates periodically with time while increasing [95, 96].

In a three-dimensional configuration, the orientation of the rods can
be tracked by monitoring the light transmission through the sample.
Indeed, in a setup such as the one represented in Fig. 4.6 from [97],
light transmission is maximal when the nanorods are aligned with the
longitudinal pair of coils, while the nanorods block the light when they
are perpendicular to these coils.

The results of light detection in this setup are represented in Fig.
4.7, showing the normalized transmitted light intensity /(t)/Ina.. This
transmitted light intensity varies periodically with time with a doubled
frequency compared to the field. Assuming all the nanorods in the
sample are aligned within the x-y plane and their long axis forms an
angle § with the magnetic field, the polarizability a can be expressed
as [92, 97]

aB) = cos*(B) ay + sin?(B) as. (4.2)

For a rotating magnetic field, this becomes

a(t) = cos®(wt — 0) ay + sin?(wt — 0) as, (4.3)

This is highlighted in Fig. 4.7 by representing the sinusoidal current
going through the longitudinal coils (LC1-LC2), which is maximal when
the magnetic field is maximal in the longitudinal direction, along with
the light transmission, which is maximal when « is.
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Figure 4.6: Figure from Giinther et al. [97] representing an experimen-
tal setup for measuring light transmission. Two pair of coils, LC1/LC2
(longitudinal direction) and TC1/TC2 (transverse direction), generate
a homogeneous rotating magnetic field at their center. The resulting
nanorods rotation causes a periodic variation in transmitted light, which
is detected by a photodetector.

By comparing these two signals, the phase lag angle between the
nanorods and the magnetic field (noted ¢ in the figure and € in our
equations) can be measured. This phase lag angle increases linearly with
the magnetic field rotational frequency, as shown in the second part of
Fig. 4.7, for rotational frequencies up to 1200 Hz. Beyond this value, the
phase lag saturates [98, 99]. On the opposite, increasing the magnetic
field amplitude decreases the phase lag [98]. These two tendencies result
from the competition between the magnetic and viscous drag torques
detailed in Section 3.3. When the rotational frequency increases, the
rotation speed of the rods increases, leading to a larger viscous drag
torque and an increased phase lag. Conversely, a larger magnetic field
amplitude increases the magnetic torque, therefore reduces the phase
lag. If this behavior is observed when investigating the aggregation
of superparamagnetic colloids in a three-dimensional sample, it would
confirm the formation of rotating chains within the sample.
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Figure 4.7: Figures from Ginther et al. [97]. On the top: determi-
nation of the phase shift ¢ (denoted as € in our equations) by compar-
ing the maximum in normalized transmitted light intensity (squares)
with the maximum in longitudinal coil current (circle) at f = 178 Hz
and poHg = 2mT. On the bottom: phase shift as a function of mag-

netic field frequency for three field amplitudes: Hy = 1mT (square),
Hy =1.636 mT (circle), and Hy = 8mT (triangle).
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4.4  Implications on Sedimentation

Since aggregates form in a three-dimensional configuration under the in-
fluence of a rotating magnetic fiel, we can also expect sedimentation
to occur more rapidly. This can be understood by coming back to the
Péclet number discussed in Section 2.3.3, which compares thermal
and gravitational effects. Indeed, the aggregation into clusters larger
than individual particles leads to a larger Péclet number, indicating
that gravitational effects become more significant relative to thermal
effects. Single particles with a radius of 1 um correspond to Pe = 10,
meaning that a cluster then corresponds to Pe > 10, which indicates
instability against sedimentation.

However, it is important to distinguish between the two configura-
tions discussed in the previous chapters. In the case of isolated ag-
gregates, as considered in Section 4.3, the mechanism behind the sed-
imentation process is referred to as cluster deposition. Conversely,
the case where connected layers rather form (described in Section 4.2)
could correspond to a gel-like structure. This kind of structure is known
to undergo a different sedimentation mechanism known as collective
settling.

When no external field is applied [100, 101], aggregation can be
induced by adding salt to the suspension, which results in strong van
der Waals attraction, or by the absence of an electric double layer. This
aggregation is known as diffusion limited cluster aggregation, or DLCA.
However, when gravity is taken into account, while DLCA remains rel-
evant at short time, sedimentation becomes significant in the clusters
growth once aggregates are large enough to settle. The colloidal volume
fraction, ¢, determines the dominant mechanism: cluster deposition oc-
curs at low ¢, while collective settling is observed at higher ¢.

At low volume fractions, the suspension initially appears uniform but
becomes heterogeneous over time as small clusters form. These clusters
settle at different velocities depending on their size, as settling velocity
U, is directly proportional to cluster size.
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Figure 4.8: Figures obtained from Darras et al. [102] illustrating the
two types of interface resulting from cluster deposition (left, ¢ = 0.2)
and collective settling (right, ¢ = 0.45) for an erythrocyte suspension.

Therefore, while settling, larger aggregates sweep up smaller ones
underneath, accelerating their growth. The clusters deposit on the bot-
tom of the sample in what is called a sediment, which compacts slowly,
and the sample becomes progressively clearer. This results in a diffuse
interface illustrated in the left picture of Fig. 4.8.

At higher volume fractions, the aggregates quickly form a network,
leading to a gel structure. This gel structure then settles under its own
weight, creating a sharp interface between the clear medium fluid above
and the settling suspension below [103]. This sharp interface is illus-
trated by the picture on the right in Fig. 4.8. The height of this interface
then decreases until equilibrium is reached. At even higher values of ¢,
the gel may not settle at all, with gravity either limiting aggregate size
or inducing sedimentation before network formation can occur. More-
over, if the attraction between the particles is weak (U ~ kgT'), the gel
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may become mechanically unstable and collapse. This leads to various
potential stages in gels sedimentation, ranging from slow compression
to fast sedimentation or smooth collapse [102, 104-106].

In the case where a constant and uniform magnetic field is
applied to a very dilute suspension (¢ < 0.1), individual chains are ob-
served. These chains are larger than individual particles, but their shape
is anisotropic, where individual particles are spherical, thus isotropic.
This leads to two different diffusion coefficient : D) for the diffusion
parallel to the chain’s long axis, and D, for the diffusion perpendicular
to this axis.

To determine these diffusion coefficient, we model once again the
chains as rods with a length L = 2R N (with N the number of particles
and R their radius) [64, 107, 108]. The hydrodynamic forces on such
rods due to the surrounding fluid are derived from solving the Navier-
Stokes equations for a long rod composed of individual beads [109, 110].
In this situation, the hydrodynamic forces are approximately identical
for all of the beads, at the exception of the ones close to the rod ends.
For a sufficiently long rod, these can be neglected, and we find

Jir =9 (4.4)

J1L =917, (4.5)

where 7y and v, are the translational friction coefficients of the hydro-
dynamic forces parallel and perpendicular to the rod’s long axis, respec-
tively. Their expressions are [64, 111-113] :

4myNR

M= Ty (4.6)
o< SR wr
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The diffusion coefficient is defined as D = kgT' /v, leading to these
two diffusion coefficient, parallel or perpendicular to the rod axis (with
N =L/2R) :

ksT . (L
Dy = In (= 4.
= omL n(ZR)’ (4:8)
ksT - (L
— = 4.
Di=0t n<2R) (4.9)

This means that D ~ 2D, which indicates that the diffusion parallel
to the rod axis is greater than the diffusion perpendicular to this axis.

We consider the case where the magnetic field, hence the chains/rods,
are oriented horizontally, while the sedimentation speed v, is oriented
vertically. This sedimentation speed is obtained by considering the force
balance on the body of interest, and gives the result in Eq. 2.17 for a
spherical particle. We can express this equation using the corresponding
friction coefficient for a single sphere in an infinite dilution, v = 679 R,
which gives

%WR?’Apg
—

For a chain made of N particles, when using the friction coefficient v,
corresponding to the vertical movement, we have

(4.10)

Vs1 =

4_p3
smR°A
vy = N3 2PY (4.11)
gan
Using the expression in Eq. 4.9, this becomes
R?A
vy = — PI 10 (N). (4.12)
Ui

This confirms that longer chains settle faster than smaller ones, similar
to the behavior of larger clusters in the context of DLCA.
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Figure 4.9: Figure from [64] illustrating the attractive zones at the
ends of a chain composed of superparamagnetic colloids. The magnetic
field direction is indicated by H , and is perpendicular to ¢, hence to the
sedimentation speed v,.h denotes the effective range of the net magnetic
interactions, while ¢. represents the aperture angle of the attractive
zone. A;; stands for the combined crossed section of two aggregates of
different size ¢ and j.

As in the 2D case, the particles aggregate head-to-tail and repel each
other laterally (see Fig. 3.1). Once aggregated into chains, they exhibit
two attractive zones at the chains end, as well as a repelling zone on the
sides. In a 3D configuration, the attractive zones can be represented
as shown in Fig. 4.9 from [64]. Since longer chains settle faster than
smaller ones, these attractive zones sweep a larger portion of the sample,
enhancing aggregation for those chains. Consequently, the large chains
grow faster, and their sedimentation speed increases, further enhancing
differential sedimentation. Therefore, the effects of sedimentation on
aggregation become more pronounced over time, while magnetic aggre-
gation prevails initially.

Considering finally a homogeneous rotating magnetic field in
the plane perpendicular to the sedimentation direction, the two situa-
tions mentioned before can occur.
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First, if the rotational frequency and colloidal volume fraction are
sufficiently low, leading to the formation of individual aggregates rather
than layers, we enter the cluster deposition regime. In this case, the
situation resemble that of a constant magnetic field. Indeed, taking as
reference a system rotating at a constant speed with the external mag-
netic field, the two situations are similar, with the key difference being
the viscous drag caused by the rotation of the chain in the surrounding
fluid (see Section 3.3). Thus, experimentally, we can expect to observe
a diffuse sedimentation front. Additionally, based on the results for
rotating rods discussed in the previous section, we should also measure
a periodic variation in the transmitted light through the sample.

On the other hand, if the rotational frequency falls within the range
that allows for layer formation, the resulting network structure could
lead to collective settling instead. In this scenario, a sharp sedimen-
tation front should be observed, with the particles accumulating at
the bottom and the medium fluid remaining on top.

As we did for the 2D configuration, we propose a visual summary
of the structures that emerge when a rotating magnetic field is applied
to a three-dimensional system experiencing sedimentation in Fig. 4.10.
This overview encapsulates the structures discussed in this section and
underscores the pivotal role of the magnetic field’s rotational frequency.
Alongside the rotational frequency, the colloidal volume fraction and
magnetic field intensity, which are held constant in this context, also
play crucial roles. The proposed overview is framed within the context
of a dilute suspension, where ¢ < 0.1, and assumes that the magnetic
field is sufficiently strong to induce magnetic aggregation.
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From Chains to Disks

Experimental spin on the structural transition

The study of superparamagnetic colloids suspensions under the influence
of external magnetic fields has revealed a variety of fascinating behav-
iors driven by the interplay of magnetic and hydrodynamic interactions.
We described in Section 3.3 how these interactions lead to the forma-
tion of distinct structures such as chains and disk-like clusters when
the magnetic field varies periodically over time. The nature of these
structures was found to be primarily governed by the characteristics of
the magnetic field and the suspension, particularly the field rotational
frequency and the colloidal volume fraction.

In a constant magnetic field, superparamagnetic colloids align into
chains oriented along the field direction. Under the influence of a ro-
tating magnetic field, their behavior changes significantly depending on
the rotational frequency of the field. At frequencies lower than 1 Hz
approximately, the colloids form rotating chains. As the frequency in-
creases, viscous drag forces cause these chains to shorten and break-up,
leading to the formation of disk-like clusters when the frequency exceeds
a critical threshold.
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This dynamic transition and the resulting structures have been stud-
ied extensively, yet several aspects of the process, particularly in the
early stages of cluster formation and the transition dynamics, remain
poorly understood. In particular, the transition between the configu-
rations where chains are supposed to form, and the ones where disk-like
clusters are expected, is still challenging to comprehend. For that rea-
son, we chose to investigate experimentally these early-stages in order
to better characterize the transition. More specifically, we aim to in-
vestigate the initial aggregation behavior of colloids before they form
disk-like clusters and to eventually develop a model to characterize
the temporal evolution of the suspension, focusing on the proportion
of chains and disk-like clusters over time under various frequencies and
volume fractions. By addressing these objectives, this work seeks to fill
the existing gap in understanding the transitional dynamics and early
aggregation stages in such systems.

In the following chapter, we present the results of these experimental
investigations, showing that the colloids aggregate into rotating chains
at rotational frequencies larger than expected. Over time, these chains
interact and aggregate into disk-like clusters, resulting in a heteroge-
neous mixture of chains and disks within the sample. Additionally to
those experimental results, we propose a model to describe the tempo-
ral evolution of the suspension, providing insights into the proportion of
chains and disk-like clusters as a function of time for different rotational
frequencies and colloidal volume fractions. The upcoming sections will
detail our experimental setup, the observed behaviors of the colloids,
and the developed model.

5.1  Experimental Setup

In order to conduct experiments of superparamagnetic colloids subjected
to a rotating magnetic field, it is necessary to consider two main ele-
ments: the magnetic field and the colloidal suspension. On the "mag-
netic” side, we need to produce a tunable magnetic field and ensure its
homogeneity at the sample level. On the ”colloidal” side, we require
stable suspensions of micrometric superparamagnetic colloids that can
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be diluted to various volume fractions. Finally, once the experiment is
set up, we have to observe the results at the microscopic level. In the
following subsections, we detail how we achieved these goals and present
the resulting experimental setup.

5.1.1 Magnetic field

First, we consider the generation of the magnetic field. A magnetic field
can be obtained using a magnet, or an electric current through a coil.
Since we need it to be homogeneous at the sample level, we chose to
use a pair of coils in the Helmholtz configuration. This configuration
consists of two identical circular coils placed parallel to each other at a
distance equal to their radius. Both coils produce an equivalent mag-
netic field due to the same current going through them, and the resulting
magnetic field at the center of the coils is known to be homogeneous. By
using two pairs of identical coils, placed perpendicular to one another,
we can vary the magnetic field at the center over time. Specifically, we
use two phase-shifted alternating currents to generate the rotating mag-
netic field. The electric current is produced by a programmable function
generator AFG3022C from Tektronix, and has a sinusoidal form. A de-
phasing of 90° is introduced in one of the pair to obtain the rotation of
the field.

Since the radius of the coils we used is slightly larger than the dis-
tance between them, we measured the magnetic field at the center with
a Hall probe to test its homogeneity. Measurements were taken at in-
tervals of 0.25 mm and demonstrate that a sample which size does not
exceed b mm will experience an homogeneous magnetic field, as required.
However, since each coils have a slightly different impedance, we had
to adjust the current intensity in each pair in order to obtain the exact
same magnetic field intensity at the center.

5.1.2  Colloidal suspension

The superparamagnetic colloids used in our experiments are polystyrene
beads with ferrite inclusions. As described in Section 2.3.2, these nano-
sized inclusions are at the origin of the particles magnetic properties,
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while carboxyl groups on the particle surfaces ensure suspension stabil-
ity, as discussed in Section 2.3.3. The initial suspension of superparam-
agnetic colloids, commercialized by Merck Millipore (M1-070/60), has
a colloidal volume fraction of ¢ = 0.1. This suspension was diluted
in distilled water and phosphate-buffered saline (PBS) to the desired
volume fraction for each experiments. PBS is essential to stabilize the
suspension’s pH value, as the particles can be strongly influenced by
ions. This buffer solution was chosen for its mineral composition, which
minimizes its impact on the colloid’s mobility and reduces the adsorp-
tion on the microscope slide [114]. Additionally, the pH value of PBS
is close to that of blood plasma, making it a commonly used solution in
biochemistry, which may be advantageous for future applications. The
PBS volume fraction used in our experiments is 6.1073.

In Section 2.3.3, we showed how the size of the particles was a de-
terminant factor in the stability against sedimentation. Therefore, we
investigated the size distribution in the suspension. The manufacturer
specifies a size range for the particles, from diameters of 0.7 ym to di-
ameters of 1.3 um, but does not indicate whether the size distribution
is homogeneous. This broad range was chosen intentionally, since a
uniform particle size distribution is less likely to occur spontaneously.

To characterize the particle sizes, we used a direct microscope and
measured over 2800 particles from different samples. The resulting dis-
tribution shows a mean particle diameter of 1.18 + 0.54 ym. Some mea-
surement inaccuracies may occur due to thermal agitation, which makes
focusing difficult and can cause particles to appear slightly larger than
they are in reality. The large number of objects smaller than 0.2 um is at-
tributed to small defects in image capture and have been excluded from
the mean diameter calculation. Finally, diffraction effects may influence
the size measurement of particles slightly smaller than the wavelength
of visible light.

In addition to the volume fraction and the particle size, another
relevant parameter to consider is the magnetic susceptibility, which is
constant when the magnetic field and the magnetization are linearly re-
lated (see Eq. (2.10)). According to Fig. 5.1, provided by the manufac-

70



30
+ Estapor 60%Fe

= Estapor 48%Fe

o« &+ * + + s .
Estapor 13%Fe . *

on
2.50E+04 -2.00E+04 -1.50E+04 -1.00E+04 -500E+03 0.00E+00 5.00E+03 1.00E+04 150E+04 200E+04 250E+04

Magnetization (emu/g)

. *
L I

-30
Magnetic field applied (Oe)

Figure 5.1: Characterization of the magnetization of the superparam-
agnetic colloids used during our experiments in regards to the applied
magnetic field, supplied by Merck Millipore.

turer, this linear relationship holds for magnetic field intensities smaller
than 1000, G. Since we will not exceed 25 G in our experiments, we can
conclude that x,, remains constant within our experimental range. Its
value has been determined in previous experiments by Alexis Darras
using magnetophoresis, yielding a value of 0.11 +0.004 [115].

Finally, the density difference between the colloids and the liquid
medium is sufficient to ensure stability against settling in the short-
term. However, after several hours, we do observe the sedimentation of
the colloids. This sedimentation can lead to irreversible aggregation, as
the weight of the particles may be sufficient to overcome the repulsion
induced by the electric double layer. To prevent this aggregation during
storage, we used a slow rotating plate. This rotating plate was placed in
a refrigerator at a constant temperature between 4 and 8 degrees Celsius
to avoid bacterial proliferation. The temperature could not be smaller
than 2, since the surface carboxyl groups would not persist at such low
temperatures.
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Figure 5.2: Representation of the experimental setup. A signal gener-
ator provides an alternating current, and the signal is amplified before
being sent to the two pairs of coils. The phase shift between the two
signals results in a rotating magnetic field in the X-Y plane. On the
other hand, the frame and the sample are placed under the objective of
an upright microscope.

5.1.3 Observation at the microscopic level

During the experiments, a droplet of 1yl of the diluted solution is
placed on a glass slide. We used glass slides covered with a 50 pm layer
of epoxy at the exemption of a circular region of 5mm of diameter.
Another glass slide, without epoxy, is then placed on top of the first
one. In this cell, the colloids’ area fraction is linked to the effective
volume fraction of the suspension with a linear scaling by a geometrical
constant ¢p = 3¢*” (see Appendix A in [115]). This cell is then placed
at the center of the two pairs of coils, which are fixed to a custom-made
frame. This frame was specifically design to allow the observation of
the sample from the top with an upright microscope Nikon Eclipse FN1.
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The microscope was connected to a MotionExtra N3 high speed camera
and the images were recorded with a frame rate of 200 fps. This set-up,
including the cell, the frame and the microscope, is represented in Fig.
5.2.

5.2  Influence of the magnetic field frequency

In a previous experimental study described in Section 3.3, Melle et al.
observed, using dichroism, that between fp = 1Hz and fz = 10 Hz, the
rotating chains decreased in size until they completely broke up and
disappeared [78]. Given that our experiment utilizes the same colloids,
in a similar concentration range, and with a comparable magnetic field
amplitude, we anticipate that rotating chains will form in the sample
at rotation frequencies below 10 Hz. These chains are expected to follow
the frequency of the field. At rotation frequencies above 10 Hz, chains
are no longer expected to form, and only disk-like clusters should be
observed in the sample. To confirm these expectations, we conducted
experiments focusing on the early stages of cluster formation. In those
experiments, we applied an homogeneous rotating field with a constant
amplitude of 18 G and a rotational frequency fg between 5 Hz and 30 Hz.
The colloidal volume fraction was maintained at 2.1073.

5.2.1  Observations

Snapshots of the experiments are displayed in Fig. 5.3. Three different
magnetic field frequencies are represented in the three lines of the figure,
at 5, 15 and 30s. First, fg = 5Hz, where only chains are supposed
to form, which is indeed what we observed. This rotational frequency
will be used as a benchmark to compare the case where there is only
chains and others. Two other frequencies are displayed in the figure,
fe = 20Hz and fp = 30Hz. For this range of frequencies, we expect
to observe disk-like clusters. However, it appears that chains first form
before the disks, and that for the lower frequency, they last longer (at
least 15s for fp = 20 Hz compared to maximum 5s for fz = 30Hz). At
some point, both chains and disk-like clusters coexist in the sample,
while after 30s, only disk-like clusters seem to remain in both cases.
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Figure 5.3: Snapshots of 3 samples under a magnetic field with a
frequency of rotation of 5, 20 and 30 Hz. The activation of the magnetic
field corresponds to ¢ = 0s. For the 5Hz magnetic field, chains are
observed with no significant change during the 30 first seconds. For the
20 Hz one, there is a transition from chains to a mixture of chains and
disks at 15, and after 30 s mainly disklike clusters remain in the sample.
In the sample with a 30 Hz field frequency, we observe first a mixture of
disks and chains, then, after 15s, mainly disks.

The experiments show that chains first form due to the rotating
magnetic field, increase in length then break up and interact with one
another along time, resulting in the increase of the proportion of disk-
like clusters comparing to chains.
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Figure 5.4: QR code leading to a movie that illustrates the aggregation
from chains to disk-like clusters at fp = 10 Hz.

These observations are consistent with the experiments and simu-
lations led by Abdi et al. [79] on a single chain made of 4 particles
(see Section 3.3). In those experiments and simulations, they showed
that a chain submitted to a magnetic field rotating at a high enough
frequency breaks up in two subchains, which also break up at one point,
leading to a chaotic motion that results in the formation of a rotating
cluster. This behavior is highlighted in the movie of our experiments
in [116] (see also Fig. 5.4). Moreover, we observed that the chains
not yet aggregated in the sample are rotating at the exact same speed
of rotation than the field at any time of the experiment, which is not
the case for the disk-like clusters, that are rotating slower. This aligns
with the previous observations and simulations presented in Section 3.3.

These first qualitative observations show that the time during which
the sample is submitted to the rotating magnetic field will have an
impact on the type of clusters, linear, disk-like or both. Therefore, we
studied the evolution of the proportion of disk-like clusters with time.
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5.2.2 Aggregates discrimination model

To distinguish chains from clusters in the same experiment, we used the
circularity of the clusters. Circularity is a dimensionless number that
is defined as followed

4T A
Cc = ?, (51)
where A is the area of the object and P is its perimeter. The circularity
c is equal to 1 when the object has a perfect circular shape, and lower
than 1 when the object is not perfectly circular or when its edges are
irregular. In other words, the circularity is a measurement of both the

object shape and roughness.

We measured the circularity of the clusters in the sample along time
for a variety of rotational frequencies. The results of this measurements
are displayed in the Fig. 5.5. Since c gives us indications not only on the
form of the cluster, but also on its roughness, we do not expect to observe
circularities of 1, even for the disk-like clusters, because of their irregular
shape. Concerning the chains, as a first approximation to establish a
quantitative evaluation, we will consider here that particles are perfectly
aligned and with only one contact point with each other. Then, the area
of a chain is A = N7r?, and its perimeter P = N2mr (with N the number
of particles in the chain and r their radius). Consequently, the circularity
of a chain such as described here should scale as ¢ = 1/L (where L is the
length of the chain). Knowing this, a long linear chain is expected to
have a circularity close to 0, while a disklike cluster circularity should
be close to 1. Ribbons, which are chains with a thickness of two or more
colloids, are also observed, and their circularity can differ largely with
their length and width. Single colloids are not considered neither as a
chain nor as a cluster, and they should be excluded from the data. In
this respect, we excluded all detected clusters of an area smaller than
the area of two colloids (this allows us as well to remove stains and
impurities eventually found in the sample).
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Figure 5.5: Circularity c distributions for fg = 5,20, 30 Hz. With time,
clusters are formed and chains disappear for frequencies of 20 Hz and 30
Hz, resulting in a larger proportion of clusters with a circularity close
to 1, which is not the case for fz = 5Hz. Histograms are experimental
data, while solid curves are fitted from Eq.(5.3).

The distributions displayed in Fig. 5.5 allow us to identify whether
the sample contains mainly chains or disk-like clusters. Indeed, for fg =
5 Hz, no matter the time of experimentation, the circularity distributions
stay approximately the same, with a small peak for small circularities
(closer to 0 than 1). On the contrary, for fz = 30 Hz, we observe a high
number of large circularities (closer to 1 than 0). This conforms to the
images of Fig. 5.3, where only chains are observed for fg = 5Hz at any
time and mainly disk-like clusters for fp = 30 Hz.
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Considering the distributions of the circularity for a magnetic field
rotational frequency of fpz = 20 Hz, we can observe the transition from
chains to disks between 15s and 30s of experimentation. For ¢t = 5s, the
distribution in Fig. 5.5 is similar to distributions for a frequency of 5 Hz,
indicating that there is mainly chains in the sample, as displayed in Fig.
5.3.For t = 30s, the distribution in Fig. 5.5 is similar to distributions for
fB = 30Hz, leading to the conclusion that there are mainly disk-like
clusters in the sample, as confirmed in the snapshots of Fig. 5.3. We
can therefore consider ¢ as a good indicator of the clusters shape in the
sample.

In order to find a relevant parameter to determine the proportion
of chains compared to disk-like clusters in the sample at a given time,
we present a model for the circularity distribution. To do so, we use a
model for the circularity distribution of a sample with only chains and
another one for the circularity distribution of a sample with only disk-
like clusters, and we merge those two models to describe the circularity
distribution of a sample with chains and disk-like clusters.

For a sample containing chains only, we used well-known results for
the length of chains under a constant magnetic field at thermodynamic
equilibrium. In these conditions, the probability density function of the
. . . 1 e~ N/L*
chains length can be approximated by an exponential fy = 7=,
where L* is the normalized characteristic length of the chains expressed
in number of particles, related to the average length (I) of the chains by
L* = () — 1, with (I) € |1;00][ [65, 115]. Given fy, with a continuous
approximation for N, one can deduce the probability density function
of the chains circularity

1) = ()]

K b
Ke <
cz e K

ay
dc

with K =1/L* and ¢ =1/N.
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For the distribution of disks circularity, we use a normal distribu-
tion, with an average p that lies between 0.6 and 1, since a disk-like
cluster should have a circularity close to 1, but the actual value is low-
ered by their roughness and eccentricity.

The combination of those two populations leads to the following
distribution :

Jele) = C— e:k +D e 3(552)" (5.3)

In this equation, the first term describes the behavior of the chains, and
has two parameters : the amplitude of the distribution C' and its charac-
teristic circularity K. The second one is linked to the disk-like clusters
and has 2 parameters : the average p and the standard deviation o.
Given the normalization of the total distribution, the amplitude D of
the second term is linked to the first one by the constraint C'+ D = 1.
This model is fitted to the distributions in Fig. 5.5.

Once this model is fitted to our data, we plot the ratio D/C after
120s of experimentation in Fig.5.6 in order to describe the proportion
of disk-like clusters compared to chains. The higher this ratio, the
more disk-like clusters there are in the sample. After 120s of
experimentation, we observe a significant gap between the value of this
ratio for fg = 5 Hz and the ones for fg = 20Hz and fg = 30 Hz, suggest-
ing that there is higher proportion of disk-like clusters in the sample for
fB = 20Hz and fp = 30Hz than for fgz = 5Hz. The time evolution of
this ratio D/C' can be seen in the insert of Fig. 5.6, and shows that there
is a transition time to reach the equilibrium with higher proportion of
disk-like aggregates. This transition time can be assessed to be approx-
imately 30s at fg = 20Hz and 5s at fg = 30 Hz. We can also see that
there is a transition value between 10 Hz and 15 Hz for the formation of
a high quantity of disks since the ratio D/C' is close to 0 at 10 Hz while
it saturates after 15 Hz.
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Figure 5.6: D/C ratio for a range of frequencies from 5Hz to 30Hz at

an experimentation time of 120s. In the insert, the same ratio is plotted
against time for fp = 5,20,30H z.

Another interesting parameter is the parameter K. The smaller
this critical parameter, the longer the characteristic length of
the chain clusters. Hence, a small value of K indicates a solution with
a majority of long chains, while a higher value suggests clusters with a
less linear form. This parameter K is plotted against the frequency of
the magnetic field at 120s of experimentation in Fig.5.7. The evolution
of K leads to the same conclusions as the ratio D/C. Indeed, K is
significantly larger for fp = 20Hz and f = 30Hz than for fz = 5Hz
after 120s. This difference subsist for times above 30s. For a time of
experimentation of 5s, we clearly see that the K value for fg = 5Hz
and fp = 20 Hz are similar, just as snapshots at this time for these fre-
quencies. All of this confirms that the D/C ratio and the K value from
our model allow us to discriminate the type of clusters in the studied
solution.
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Figure 5.7: Value of the K parameter for a range of frequencies from
5Hz to 30 Hz at an experimentation time of 120s. In the insert, K is
plotted against time for fp = 5,20, 30 Hz.

Thanks to those parameters, we were able to identify a critical time
t. at which the sample can be considered as in the ”disk-like clusters”
regime. This critical time is plotted against fp in Fig 5.8. The critical
time t. is obtained by using as a benchmark value the lower D/C ratio
for fg = 30Hz after a minimum of 10s of experimentation. We know
from the snapshots in Fig.5.3 that at 5s of experimentation, there is a
mixture of chains and disk-like clusters for fp = 30Hz. After 10s of
experimentation, we can observe mainly disk-like clusters in the same
conditions. Then, for the other magnetic field frequencies, we can con-
sider than any D/C ratio close to the one of fg = 30 Hz indicates that
the suspension contains a majority of disk-like clusters. Therefore, .
is the time at which the D/C ratio of the sample exceeds the chosen
benchmark value of D/C = 0.1655.
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Figure 5.8: The critical time between the ”chains” regime and the
"disks” regime for frequencies ranging from 15 Hz to 30 Hz. Below 5 Hz,
there is no transition and the system remains in the ”"chains” regime.
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5.3 Influence of the suspension volume frac-
tion

In the previous section, we observed and characterized the influence of
the magnetic field frequency on the aggregates formed consequently
to the magnetic and hydrodynamic interactions taking place in the sam-
ple. While the magnetic field amplitude was kept constant, its effects
were qualitatively assessed (see Section 5.5). This analysis concerns the
"magnetic” side of the system.

Now, we turn our attention to the "colloidal” side. The key param-
eter governing this colloidal side is the volume fraction. Previous
studies, discussed in Section 3.3, have demonstrated its significant im-
pact on aggregation. It appears thus pertinent to test our model with
different volume fractions, both lower and higher than the one used in
the previous section. However, we will remain within a dilute regime,
since highly concentrated colloidal suspension exhibit a totally differ-
ent behavior. Indeed, in highly concentrated suspensions, a rotating
magnetic field induces highly ordered two-dimensional particle clusters,
regardless of the rotational frequency [117-119], rather than forming
chains or disk-like clusters.

We present here the results of experiments in the exact same con-
dition as previously, with f = 20Hz, at values of volume fraction
of = 5.107* and ¢ = 3.1073, in addition to the one used before,
¢ = 2.1073. Snapshots of the experiments are displayed in Fig. 5.9.
We can see from this figure that the aggregation into disk-like clusters
is faster for a higher volume fraction, and almost nonexistent for the
lower volume fraction. This is confirmed when looking at the distribu-
tions of the aggregates circularity, which are shown in Fig. 5.10. When
fitted to our data, this gives us the two parameters studied previously,
K and D/C'. The temporal evolution of those parameters are displayed
in Fig. 5.11.
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Figure 5.9: Snapshots of 3 samples under a magnetic field with a
frequency of rotation of 20Hz. The activation of the magnetic field
corresponds to ¢ = 0s. Along time, particles aggregate into chains.
At volume fractions of 2.107% and 3.1073, the chains then interact and
eventually aggregate into disklike clusters. Such disklike aggregates are
not observed at ¢ = 5.107%.
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Figure 5.10: Circularity ¢ distributions for fg = 20 Hz. With time,
clusters are formed and chains disappear for a volume fraction of 2.1073
and 3.1073, resulting in a larger proportion of clusters with a circularity
close to 1, which is not the case for ¢ = 5.107*. Histograms are experi-
mental data, while solid curves are fitted from our model.
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Looking at the parameter K in Fig. 5.11, we can notice a clear dis-
tinction between cases where only chains form (blue and yellow) and
those where they aggregate into disk-like clusters (green and red). At
a higher volume fraction, the behavior of K over time mirrors that at
¢ = 2.107%, but with a faster saturation. Indeed, K reaches a con-
stant value after 30s for ¢ = 3.1073, compared to 45s for ¢ = 2.1073.
For ¢ = 5.107*, K evolves similarly to the case where fz = 5Hz and
¢ = 2.1073, which corresponds to the benchmark situation where only

chains are formed. This is consistent with the observations from Fig.
5.9.

From Fig. 5.11, we can also observe observe a gap between the D /C
value for ¢ = 3.1073 and ¢ = 2.1073, showing that the proportion of
disk-like clusters is larger for a high volume fraction. This gap be-
ing already visible after 5s of experimentation, the transition between
chains to disk-like clusters appears to be much quicker in this case.
The critical time defined in the previous section is consequently lower
than 5s for this volume fraction. Concerning the results for a lower
volume fraction, ¢ = 5.107%, they indicate that the D/C ratio is con-
stant along time, which is consistent with the observations made from
the snapshots in Fig. 5.9. Indeed, only chains form in this sample, and
it does not change over time. However, the value of this more or less
constant ratio would indicate that disk-like clusters have form, while we
know from Fig. 5.11 that this is not the case. We make the hypothesis
that this could be due to the thickness of the chains, compared to the
chains observed at higher volume fraction. Since K gives an information
about the length of the chains, and not its width, it is not surprising
that this parameter seems more consistent than D/C' in this case.

The thickness of chains formed at lower volume fractions may be
attributed to the greater distance between rotating chains, which hin-
ders their interaction and prevents the formation of disk-like clusters.
Since the number of particles is not high enough to form disk-like clus-
ters from the chains already aggregated, it forms thick chains instead.
When larger aggregates are formed by diffusion-aggregation from smaller
particles, thicker chains are indeed expected [27, 63].
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Figure 5.11: Values of K and D/C for fgz = 20 Hz plotted against time.
The different colors refer to different volume fractions. The blue squares
correspond to a frequency of 5 Hz and has been added in order to give
a point of comparison to a scenario where only chains are observed.
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This thickness can result in a higher circularity, even if the object
remains linear. As a reminder, a circularity close to 0 indicates that
colloids are perfectly aligned with only one contact point, a condition
not met by these chains. Consequently, our method for detecting disk-
like clusters may not be suitable for this lower volume fraction.

5.4  Alternative method

To address the limitation of the model, we developed an additional
method to differentiate chains from disk-like clusters based on a range of
arbitrary morphological criteria. This method allowed us to com-
pare the areas of chains and disk-like clusters, and therefore to deduce
the chains to disks proportion.

To achieve this discrimination, we used the Feret diameter F' [120,
121]. Given the variety of aggregate shapes, directly comparing their
sizes is challenging. The Feret diameter provides a standardized mean
to compare different aggregates by measuring the distance between two
parallel lines tangent to the particle and averaging these measurements
in all directions. Therefore, I offers a more consistent measurement for
irregularly shaped aggregates compared to linear dimensions like
length or width. In this context, the maximum Feret diameter represents
the length, while the minimum Feret diameter corresponds to the width.
The ratio of F,,.. to F,.;, is then comparable to the aspect ratio, AR.
For a chain, which is typically long and thin, F,,,, is large relative to
F,.in, which cannot be smaller than the diameter of a particle, resulting
in a high aspect ratio. On the opposite, a disk-like cluster, being
roughly equal in length and width (but larger than a single particle),
will exhibit a large Fi,;, and an aspect ratio close to 1. In between
lies the case of a thick chain, for which F),;, can be larger and AR
approaches one.
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Figure 5.12: Results of the morphological analysis compared to the
original images for a magnetic field frequency fp = 20 Hz and a volume
fraction ¢ = 2.1073. The aggregates identified as chains are colored
in yellow while the ones classified as disks are indicated in red. The
unidentified aggregates and the background are respectively displayed
in blue and purple.

Following those requirements, we first classified objects as disks if
their minimal Feret diameter exceeded an arbitrary threshold of 3.22 um,
and their aspect ratio was smaller than 2. If their minimal Feret diame-
ter was greater than 8.26 um, the objects were also classified as disks if
their aspect ratio reached up to 2.5. Otherwise, objects were considered
as chains if their maximal Feret diameter was greater than 1.84 pm, and
their minimal Feret diameter smaller than 8.26 um. Remaining objects,
which were mostly single colloids, dimers or stains, were considered as
unidentified. An example of the resulting images are displayed in Fig.
5.12.
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Figure 5.13: Morphological analysis of chains and disks area ratio in
regards to the total aggregates area for a range of frequencies and a
volume fraction ¢ = 2.1073. The figures on the left display this ratio for
chains and disks, while the figure on the right shows the proportion of
disks compared to the proportion of chains.

Once the aggregates are sorted out, we measure their total area and
compare it to the area of the detected disks and chains. This gives
us an area ratio that we can use to track the quantity of disks and
chains over time in the sample. Dividing the disks and chains area
results to a ratio that should be similar to the parameter D/C of our
model. These different ratios are displayed on the right in Fig. 5.13 for
a range of volume fractions with a frequency fp = 20 Hz. Comparing
those results to the snapshots in Fig. 5.9, we can confirm that this
method is efficient when thicker chains are formed, but it is based on
arbitrarily fixed criteria, while the model we developed is based on
theoretical considerations and does not depend on arbitrary decisions.
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Figure 5.14: Morphological analysis of chains and disks area ratio in
regards to the total aggregates area for a range of frequencies and a
volume fraction ¢ = 2.1073. The figures on the left display this ratio for
chains and disks, while the figure on the right shows the proportion of
disks compared to the proportion of chains.

Finally, we compared this method to the results from our model
when ¢ = 2.1072 for three different magnetic field frequencies. From
Fig.5.14, we can see that the disks to chains proportion has the same
evolution with time that the parameter D/C obtained from our model.
Indeed, for fp = 5 Hz, the area ratio remains very low at all times. This
corresponds to the benchmark scenario where only chains are formed.
On the contrary, for fp = 20 Hz and fg = 30 Hz, the area ratio increases
in the 30 first seconds of experimentation then remains constant, indi-
cating that the chains first formed are interacting and aggregating into
disk-like clusters. These results clearly confirm the outcomes of our
model, thereby validating its relevance.
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5.5  Conclusions and perspectives

In this chapter, we specifically tackled the topic of the early stages of
colloid clustering in a quasi-2D suspension subsequent to the applica-
tion of a rotating magnetic field in the plane of the suspension. For
this purpose, we experimentally investigated the dynamics of disk-like
clusters formation. Rather than clustering directly into disk-like struc-
tures, we observed that colloids initially aggregate into chains, even at
frequencies where chains are not expected. These chains then inter-
act and eventually form the anticipated disk-like clusters. This finding
adds a new step to the visual overview presented previously in Fig. 3.10,
which is updated in Fig. 5.15.

We focused on the time dependency of this phenomenon and ob-
served both chains and disk-like clusters at the same time in the sample.
In order to measure the aggregation process duration, and to character-
ize the proportion of chains and disk-like structures in the suspension,
we used the circularity. Indeed, chains and disks should have a very
distinct circularity, allowing us to differentiate the type of clusters de-
tected. Once the distribution of circularities obtained for the sample,
we proposed a model to fit to the data. From this model, we obtained
two key parameters : the proportion of disk-like clusters to elongated
aggregates, D/C, and K, the inverse of the chains normalized charac-
teristic length. Looking at the temporal evolution of D/C and K, we
studied the influence of two experimental parameters, the rotational fre-
quency of the magnetic field, fg, and the volume fraction ¢. Concerning
the frequency, we were able to identify a critical time . at which the
clusters in the suspension are largely predominant. Investigating the in-
fluence of the volume fraction, we noticed that our model was not fit to
measure efficiently the number of disks and chains in a sample when the
chains were thick. Consequently, we developed an additional method to
discriminate chains and disk-like clusters. This method revealed itself
to be efficient in all situations, but is based on arbitrarily fixed crite-
ria, while the model we developed is based on theoretical considerations.
The results show that at the same frequency, a lower volume fraction
foster chain formation, while its the opposite for larger volume fraction.
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Figure 5.16: Snapshots of two samples under a magnetic field with a
frequency of rotation of 20 Hz and a volume fraction ¢ = 2.1073. The
activation of the magnetic field corresponds to ¢ = 0s. Along time,
particles aggregate into chains, then interact and eventually aggregate
into disklike clusters. For a magnetic field of a higher intensity, the
chains first formed are thicker and the aggregation into disklike clusters
seems to be delayed.

Thanks to the parameters mentioned above, we are able to char-
acterize the transition state from chains to disk. However, a number
of questions remains open in order to fully comprehend this process.
As an example, another parameter has potentially an influence on the
transition : the magnetic field amplitude. We performed some ex-
periments with a higher magnetic field intensity, and as a result the
formation of the disk-like clusters seems to be delayed, while the chains
are thicker, as pictured in Fig. 5.16. To perform those experiments, we
chose a field with an intensity of 27 G, to compare to the 18 G intensity
used through our previous experiments.
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Figure 5.17: On the left, the parameter D/C, and on the right, the
parameter K, both deduced from our model for a magnetic field fre-
quency of 20 Hz and a volume fraction ¢ = 2.1073. Both parameters
are displayed along time. Those parameters have been plotted for two
different magnetic field intensities.

We applied the model developed in the previous section to analyze
those images, and the results are shown in Fig. 5.17. From the results
for the parameter K, we can confirm that the aggregation into disk-like
clusters seems to be delayed. For both magnetic field intensities, K in-
creases with time to reach a similar constant value, which indicates that
the aggregates have the same length at the end of the clustering process.
Concerning the other parameter, D/C, we observe that it always have
a larger value for B = 27 G. This can be linked to the fact that, as it
was the case for a lower volume fraction, the chains formed are thicker
and thus can be wrongly identified as disk-like clusters when looking at
their circularity. To go beyond this limitation, we used the morphologi-
cal analysis developed in the precedent section. The corresponding area
ratios are shown in Fig. 5.18.
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Figure 5.18: Morphological analysis of chains and disks area ratio
in regards to the total aggregates area for two different magnetic field
intensities, a magnetic field frequency of 20 Hz and a volume fraction
¢ = 2.1073. The figures on the left display this ratio for chains and disks,
while the figure on the right shows the proportion of disks compared to
the proportion of chains.

From Fig. 5.18, we can observe that the area ratios between disk-
like clusters and chains is not always larger for B = 27 G. Indeed, we
rather observe that this ratio is quite similar in the 15 first seconds, and
then becomes larger for B = 27 G after 30s. This indicates that the
aggregation from chains to disk-like clusters is more important for a
larger magnetic field. Moreover, the D/C ratio reaches its saturation
value later for the larger magnetic field amplitude, which confirms a
longer aggregation process. Further experiments with a wider range
of intensities are required in order to clarify the influence of the field
strength on the aggregation process itself.
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The interest of studying the elementary case presented in this chap-
ter is notably to allow a better understanding of more complex systems.
Indeed, by grasping the fundamental principles at play in simpler con-
figurations, we can better predict and analyze the behavior of more in-
tricate scenarios, such as the coupling of the magnetic field with other
fields, or colloids with an anisotropic shape for instance.

The coupling of the magnetic field with other ones can be achieved
for example with an electric field, in which case it is possible to control
the particles through the dielectric permeability contrast between the
colloids and their suspending liquid [122, 123]. Magnetic and acoustic
fields can also be combined, resulting in ordered crystals [124] or 3D
assemblies [59]. Another possible coupling is the coupling of a magnetic
field with a hydrodynamic one. In this case, structures like translating
microrollers [125], colloidal swarms [126], or colloidal vortices [127, 128]
appear and exhibit organized patterns and synchronized motion. On
the other hand, recent developments in the synthesis of anisotropic
colloids such as ellipsoids [129, 130], dumbbells [131], or peanut-shaped
particles [132], led to the emerging of new structures and applications.

Rather than exploring additional parameters, such as varying the
magnetic field amplitude or using different particles, we chose to focus on
our existing system and investigate its behavior in three dimensions.
The key questions are whether the same structures observed in the quasi-
2D configuration will manifest in 3D, and how this aggregation will affect
sedimentation. By comparing our experimental observations with the
scenarios presented in Chapter 4, we aim to identify the microscopic
structures resulting from aggregation and evaluate how they align with
the findings discussed in this chapter.
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Settling the Scene

Linking microscopic assemblies to macroscopic effects

When confined in two dimensions and subjected to a rotating mag-
netic field, superparamagnetic colloids are known to aggregate into well-
defined structure depending on the field rotational frequency fz. Below
a critical frequency, rotating chains are observed, while above this fre-
quency, disk-like clusters rather form due to the interparticle potential
becoming isotropic. However, we showed in our experiments that chains
also form above this rotational frequency at the beginning of the aggre-
gation process, coexisting at some point with disk-like clusters. Those
chains interact with one another and end by aggregating into the ex-
pected isotropic clusters. This process gets quicker and quicker when
fp increases. Jumping into a three dimensional system, will those same
structures appear ? And if so, what will be the consequences on the
sedimentation process ?
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6.1 Experimental Method

In order to compare effectively our results to those presented in Chapter
5, our experimental set-ups in both cases should be as close as possible.
The one used in this chapter is presented below, and compared to the
previous set-up detailed in Section 5.1.

To produce the magnetic field, we used the same equipment as in
the previous experiments, with the exception of the two pairs of coils,
which are larger but allow for the same magnetic field amplitude. As a
reminder, those coils are placed in the Helmholtz configuration in order
to produce an homogeneous time-varying magnetic field between them,
with the use of a sinusoidal alternating current. As previously, we mea-
sured the magnetic field at the center of the two pairs of coils with a
Hall probe to test its homogeneity, with 1 mm steps. Those measure-
ment show that the magnetic field has a variation smaller than 6% over
1cm at the center of the coils, in the two directions.

The colloids as well as their preparation also remain exactly the
same as presented in Section 5.1.2. We focused on the same volume
fraction, ¢ = 2.1073, and used a volume of 200 uL for the experiments.
The suspension was placed into a clear rectangular container measuring
lcm to 0.5 cm.

The main difference with the previous experiments lies in the obser-
vation of the suspension. Indeed, using a ”large” volume of colloids
with such a volume fraction makes it difficult to examine the suspension
at the microscopic level. Thus, instead of a microscope, we chose a sim-
ple Thorlabs digital camera to record the sedimentation of our samples
with time.

The whole set-up is represented in Fig. 6.1. For the sake of clarity, we
will refer to the pair of coils parallel to the axis between the light source
and the camera as longitudinal, noted L in the figure, and to the other
pair as transversal, T in the figure. On the left of the longitudinal coils,
we placed a diffuse backlight LED from Thorlabs (reference : LEDBW1),
and on the right, the camera. The coils are hollow at their center and
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Figure 6.1: Diagram of the experimental setup, with a top view on
the left and a front view on the right. The axis labeled T" represents the
transversal direction, while the label L corresponds to the longitudinal
direction. The transversal pair of coils is shown in blue, and the longi-
tudinal pair in green. The light path through the sample to the camera
is illustrated in light yellow. The rotating magnetic field, denoted by B,
is depicted on the right, with its orientation varying over time in the
plane defined by the 7" and L axes.

allow the light to go from the light source to the camera through the
sample. The light path is schematized in light yellow in Fig. 6.1. The
resulting images are processed with ImageJ and Matlab to extract the
transmitted light intensity in respect with time, I(t).

6.2 Influence of the magnetic field frequency

In Section 4.4, we described two potential sedimentation processes. The
first is cluster deposition, which occurs when isolated aggregates form,
resulting in a diffuse sedimentation interface. The second is collective
settling, where a gel forms within the sample, leading to a sharp sedi-
mentation interface.

A simple observation of the interface should allow us to determine
which of these two mechanisms is at play in our experiments. To this
end, we conducted experiments across a range of rotational frequencies,
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Figure 6.2: Snapshots of the experiments at different times with a
magnetic field rotational frequency respectively of 1 Hz, 8 Hz and 10 Hz.
In the three snapshots, we notice the diffuse sedimentation profile.

from fp = 0.01 Hz to fg = 30 Hz, and monitored the sedimentation dur-
ing several hours. Some snapshots of those experiments are presented
in Fig. 6.2. It is clear from these snapshots, and for all the other
frequencies tested, that the interface is diffuse, which indicates that
individual aggregates are formed. In the following, we first attempt
to determine the structure of these aggregates and compare them to the
ones observed in two dimensions. Then, we investigate the influence of
this aggregation on the sedimentation mechanisms.

6.2.1 Aggregates structure

Because the sedimentation interface is diffuse in all of our experiments,
we can conclude that individual aggregates form rather than gel-like
structures such as the connected layers described in Section 4.2. Based
on our two-dimensional results, we expect three distinct scenarios, each
corresponding to different types of aggregates depending on the field’s
rotational frequency. As a reminder, these three 2D scenarios are illus-
trated in the ’after’ section of the annexed card.

Firstly, for low frequencies such as fg < 5 Hz, we expect rotating
chains. In this case, the chains can be assimilated to rotating rods, and
the resulting transmitted light should vary periodically, as presented in
Section 4.3. The period of this light variation corresponds to the chains
rotation period and should be half of the magnetic field’s.
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Secondly, intermediate frequencies ranging as 5 < fp < 10Hz
falls within the transition spectrum. In two dimensions, this corre-
sponds to the point where chains can no longer follow the rotational
speed of the magnetic field, inducing the transition to disk-like clusters.
The resulting transmitted light period should then be smaller than the
magnetic field period.

Lastly, high frequencies larger than 10 Hz should induce isotropic
clusters or even layers if sufficient. However, for the latter configura-
tion, the fact that the interface is diffuse, not sharp, seems to indicate
that there is no layering with our particles, which is consistent with the
approximate minimum frequency required to effectively observe such a
structure (fp = 500 Hz, see Section 4.2). If the structures that form are
isotropic, no periodic variation in transmitted light should be recorded.
If such periodic variations are observed nevertheless, it would poten-
tially indicate the presence of chains along with the isotropic clusters,
as it was the case for the 2D system.

For the sake of clarity, we will refer to these three scenario as fol-
lows: S; for fg < 5Hz, S; for 5Hz < fg < 10Hz, and S3 for fg > 10 Hz.
Those scenarios are depicted in Fig. 6.4

Given these considerations, transmitted light proves to be an effec-
tive method for monitoring the formation of microscopic structures in
the sample through macroscopic observation. Our experimental investi-
gation thus begins by tracking variations in transmitted light and com-
paring their frequency to that of the magnetic field. If no variation is
observed, the aggregates are isotropic. In contrast, a variation with a
frequency double that of the magnetic field indicates anisotropic struc-
tures, such as chains or ribbons, rotating in synchronization with the
field. Each time these chains align with the light path, twice per mag-
netic field cycle, the transmitted light reaches its maximum. If the vari-
ation frequency is lower, it suggests the chains are no longer following
the field’s rotation.
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Figure 6.3: Time evolution of I(t)/I,.. at fg = 0.1 Hz, highlighting
the periodic variations.

To measure the transmitted light across time, we recorded images
with a frame rate high enough to capture the light variations. We mea-
sured the mean gray level of each image, which is directly proportional
to the transmitted light and thus has the same period if varying. Typi-
cal results for fgz = 0.1 Hz are depicted in Fig. 6.3. From these results,
we can see that the transmitted light periodically varies with time
at this frequency. This periodic variation is also observed for the other
frequencies in S; and S,. Along with those measurements, an original
film for fg = 1Hz is accessible through the QR code in Fig. 6.5 (see
also [133]), showcasing the bright light flashes that are observed in these
frequency ranges.

From these images, we measured the period of each signal and plot-
ted it regarding the frequency in Fig. 6.4. In this figure, we can see that
the light flash frequency is the double of the magnetic field frequency
for fg < 5Hz. The critical frequency where the light flashes no longer
follow the magnetic field frequency is within the 5Hz to 10 Hz range,
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Figure 6.4: Frequency of the transmitted light variation regarding the
magnetic field frequency. Below the transition phase Ss, the transmitted
light period is twice the magnetic field’s, indicating that chains form in
the sample and follow the magnetic field rotation at the same speed. For
frequencies in the Sy range, the transmitted light still varies periodically,
but slower. This is due to the fact that the chains can no longer follow
the magnetic field rotation. For frequencies in S3, the transmitted light
still varies with time, but the amplitude of these variations becomes
very small. The error bars correspond to the standard deviation of the
time between two light flashes.

which corresponds to the transition range in two dimensions. Those
observations are consistent with the hypothesis that the same structure
are forming in 3D and in 2D, as explained in the preceding paragraph.
The light variation measures indicate that the chains formed below 5 Hz
follow exactly the magnetic field rotation, while they start to go slower
between fp = 5Hz and fp = 10 Hz, which is exactly what was observed
in 2D. It is interesting to note that light variations are also observed
above fp = 10Hz, and even at fz = 30 Hz.

105



Figure 6.5: QR codes leading to movies of the experiments. On the left,
we highlight the light flashes due to the chains rotation at fg = 1 Hz. On
the right, we showcase the settling of the large aggregates, corresponding
to the first phase of sedimentation at fz = 10 Hz

However, the transmitted light variations become more and more er-
ratic as the frequency increases, as well as hardly visible. This indicates
that chains still form for these frequencies, but mixed with other ag-
gregates. Indeed, if the colloids aggregate in a mixture of chains and
disk-like clusters in the early-stages of the experimentation as in 2D, the
isotropic clusters can mask the rotation of the chains, blocking the light
even if the chains are oriented longitudinally. Moreover, if the chains are
small, the light variation they induce should also be small. Note that
a similar scenario could also occur in a mixture made of short chains
and single colloids. Nevertheless, this could also indicate that no chain
form, but rather large and short ribbons, that would not induce a large
variation of transmitted light when rotating, since their width would be
close to their length.

With these results, we can conclude that the first two scenarios ob-
served in 2D, S7 and S5, correspond also to the structures that form
in three dimensions. Regarding S3, it appears that some of the col-
loids aggregate into chains or large ribbons, but this is likely not the
case for a majority of them. Whether the remaining particles aggregate
into isotropic clusters or do not aggregate at all cannot be determined
at this point.
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Next, to assess the impact of these different structures and their
dynamics on the sedimentation mechanism, we performed the same ex-
periments over a complete sedimentation time.

6.2.2 Sedimentation

To assess the impact of the aggregation on the sedimentation process,
we observed the transmitted light through the sample over an extended
period. We used two different methods to characterize this transmitted
light. The first method, as described in the previous section, involves
calculating the mean gray value of each image, which is directly pro-
portional to I(t). The second one consists of local luminosity pro-
files from the top to the bottom of the sample, at successive times. In
both cases, the measures are normalized by the maximum light intensity
reached, I,,... In the following, we will first consider the results for a
magnetic field free sedimentation. This will then allow us to compare
this baseline case to each of the three scenarios mentioned before.

We measured I(t)/I .. every 5 minutes for a sample with no external
magnetic field applied, as shown in Fig. 6.6. Initially, no light passes
through the sample, as the particles are homogeneously suspended. As
the particles start to settle, the transmitted light steadily increases, un-
til it reaches a saturation value when all of the particles rest at the
bottom. As it is the case with a rotating magnetic field in our frequency
ranges, the sedimentation interface is diffuse, indicating that the mech-
anism behind the sedimentation is the cluster deposition. Since the
suspension is originally designed to be stable against settling (see Sec-
tion 2.3.3), the sedimentation takes a long time to complete, around 20
hours in this case. If the application of a magnetic field induces a differ-
ent sedimentation mechanism, it should affect this sedimentation time.
We first tested this hypothesis for fg ranging in Sy, then considered the
scenario S3 as well as the transition between the two, Ss.
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Figure 6.6: Time evolution of I(t)/I,,.,, when no magnetic field is ap-
plied. The transmitted light increases steadily as particles settle, even-
tually clearing the sample. The process takes approximately 20 hours.

SCENARIO 1

Let’s consider the results for S, where we showed that the colloids ag-
gregate into chains that follow the magnetic field rotation. In Fig. 6.7,
the normalized transmitted light, I(¢)/1,,4., is represented during a com-
plete sedimentation for fz = 0.01 Hz.

The first conclusion to emerge is that the sedimentation is indeed
largely faster when such a magnetic field is applied, compared to the
case with no magnetic field. The process takes about 1 or 2 hours
with the slowly rotating magnetic field, and 20 hours with no magnetic
field. Besides this obvious difference, the transmitted light also steadily
increases in this case, until it reaches a saturation value.
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Figure 6.7: Time evolution of I(t)/l.. at fg = 0.01 Hz, plotted in
light blue and showing both the periodic light variations and a complete
sedimentation process. In dark blue, the upper and lower envelopes of
the signal, that exclude the periodic variations. In red, the fitted expo-
nential for the upper envelope, that allow us to obtain a characteristic
sedimentation time.

The periodic light variations are clearly visible, as in the previous
measurements. Since our focus in this section is on the sedimentation
process as a whole, we plotted the two signal envelopes, namely the two
smooth curves outlining the peaks due to the chains rotation. The upper
envelope corresponds to the case where the chains are oriented parallel
to the longitudinal coils, and the lower to the perpendicular direction.
Both envelopes (dotted blue lines), along with the original signal (light
blue), are shown in Fig 6.7. From those results, we can monitor at once
aggregation and sedimentation.
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Figure 6.8: Difference in transmitted light regarding time between the
parallel configuration (chains along the L axis) and the perpendicular
configuration (chains along the T axis) for all S; frequencies. These
results highlight the contrast between those two situations.

The two configurations where chains are parallel or perpendicular to
the longitudinal coils are highly contrasted. To quantify this contrast,
we measured the difference between the two envelopes, AFE, and plot-
ted it over time for a range of frequencies, as shown in Fig. 6.8. When
this difference increases, it indicates that more and more particles are
aggregated into the rotating chains, enhancing the contrast between the
two configurations. Our results show that this aggregation into chains
occurs faster for lower frequencies. When the difference decreases,
it reflects the fact that fewer chains remains in the sample, since they
have settled, resulting in a lower contrast. From our measures, we can
deduce that the settling of the rotating chains is also faster for lower
frequencies.
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Additionally, the contrast amplitude decreases with the frequency as
well, which can be explained by the length of the chains being smaller
for higher frequencies. Considering the perpendicular configuration, this
makes no difference. On the opposite, for the parallel configuration, one
long chain containing many colloids is letting light pass through more
than many short chains containing few particles, leading to a higher
contrast between the two situations. These observations confirm that
aggregation plays a significant role in the mechanism that takes place.

To go further in the characterization of the parallel situation com-
pared to the perpendicular, we plotted the normalized transmitted light
I(t)/I 4 in regards to the the height in the sample. To do so, we
considered horizontal lines of 1 pixel from the top to the bottom of the
sample, and measured the mean gray level along each line, excluding the
meniscus. Doing so for each frame, we were able to plot the transmitted
light profiles according to the vertical position in the sample. We dif-
ferentiated the frames corresponding to the upper envelope, thus to the
parallel case, and those corresponding to the lower envelope, thus to the
perpendicular case. Both plots are depicted in Fig. 6.9 for fg = 0.01 Hz
and reveal two drastically different behaviors.

The results for the case where the chains are oriented along the lon-
gitudinal axis, in green, show that the profiles are horizontal. This
indicates that I(t)/I .. increases uniformly along the sample height,
whereas we would expect sedimentation to create a transmitted light
gradient, given the diffuse sedimentation front. This behavior suggests
that the initial aggregation of single colloids into chains has a more sig-
nificant impact on transmitted light compared to sedimentation in the
early times of the process. This can be understood as follows, from the
start of the aggregation to the end of the sedimentation.

Initially, as particles are homogeneously suspended, their progressive
aggregation into chains influences light transmission uniformly across
the sample height. When colloids aggregate into chains, their combined
projected area is reduced to that of a single colloid, leading to less ob-
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Figure 6.9: Normalized transmitted light profiles according to the
vertical position in the sample, from top to bottom, for fz = 0.01 Hz.
On the left, the analyzed frames correspond to the upper envelope of the
signal, or the case where the chains are parallel to the longitudinal axis.
On the right, the graph corresponds to the lower envelope, or the case
where the chains are perpendicular to this axis. The vertical position is
divided by the total height of the sample. The color of the curves goes
darker with time. One profile is plotted every 50 seconds.
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struction compared to isolated particles. This is illustrated in the first
step of the top part of Fig. 6.10. Once the chains are large enough to set-
tle, further aggregation of multiple chains into one, as well as the capture
of remaining colloids, has the same effect on /(t) as chain sedimentation.
This is represented as the second step of the top representation in Fig.
6.10. In this stage, a chain occupies the same projected area as a single
colloid, making the impact on transmitted light from the aggregation
of two chains or the settling of a chain equivalent. Consequently, both
aggregation and sedimentation have a similar overall impact. However,
since sedimentation should still induce a luminosity gradient, which is
not observed in this configuration, we rely on the perpendicular orien-
tation to study the sedimentation itself.

The results for the case where the chains are perpendicular to the
longitudinal axis, in blue, reveal a gradient in the normalized trans-
mitted light along the sample height. This indicates that sedimentation,
rather than aggregation, is the primary mechanism affecting the mea-
surement. Additionally, sedimentation appears to occur significantly
slower than aggregation, as observed by comparing both plots.

Following the same reasoning as previously, we first consider col-
loids homogeneously suspended in the sample. When aggregating into
chains, these colloids still block the light in the same manner than be-
fore, meaning that this initial aggregation should have no effect on the
transmitted light, as represented in the first step of the bottom Fig. 6.10.
When chains are large enough to settle, the influence of their settling on
the transmitted is no longer equivalent to that of further aggregation
of multiple chains into one, conversely to the previous configuration.
Indeed, settling drastically reduces the projected area covered by the
chain, whereas further aggregation does not modify it, as illustrated in
the second step of the bottom Fig. 6.10. This reasoning can be con-
firmed by looking at ¢ close to 0 in Fig. 6.7, where it is clear that I(¢)
remains null for the lower envelope, translating the absence of sedi-
mentation, while it already starts increasing for the upper envelope,
confirming the particles aggregation.
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Figure 6.10: Comparison between the parallel configuration (on the
top) and the perpendicular configuration (on the bottom). In the paral-
lel configuration, both aggregation and sedimentation lead to an increase
of I(t). In the perpendicular configuration, only sedimentation does. In
orange, we specify the impact of each stage on the transmitted light.
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These results clearly show that aggregation dominates at the
beginning, and sedimentation after the initial clustering. The
same tendencies were observed for frequencies ranging in 5.

Looking back at the time evolution of I(t)/In. in Fig. 6.7, it is
indeed consistent with the hypothesis that the chains first aggregate
then settle quickly, leading the suspension to drastically lighten, until
saturation is reached. Such systems, where a rapid initial change is
followed by a gradual stabilization at a saturation value, can typically
be modelled by using an exponential function of the form

It =1, (1 - e_;s) . (6.1)

This modelling allow us to determine a characteristic sedimentation time
7, and a saturation value I . Fitting it to the upper envelope thus
gives us both the saturation value and the characteristic sedimentation
time for each rotational frequency. The obtained saturation value is nat-
urally very close to I,,,.., and the resulting characteristic time is plotted

against fp in Fig. 6.11.

These results show that the characteristic sedimentation time in-
creases with fp, which indicates that the sedimentation speed is greater
for smaller rotational frequencies. This is consistent with the expression
of vs x given in Eq. (4.12), that indicates that v, is greater for longer
chains (and the smaller the rotational frequency the longer the chains,
as shown in Fig. 3.4 in Section 3.3.2).

However, following Eq. 4.12, v, y is expected to be proportional to
In(N). If we approximate that all the chains in the suspension have
the same length, hence contains the same number of beads N, corre-
sponding to the maximal length possible at this rotational frequency,
and that N is high, then N should scale as 1/y/w, from Eq. (3.23).
Therefore, v, should be proportional to —% In(w). Instead, we find that
Ty ~ w, meaning that vs ~ 1/w. The expression of vg in Eq. (4.12) thus
does not seem well-suited in the context of a sedimentation influenced
by magnetic aggregation.
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Figure 6.11: Values of 7, for the S; frequency range. The value of 7; is
obtained from the fitted saturating exponential of the upper envelope.

This discrepancy can be due to the fact that this sedimentation speed
does not take into account the ”swipe” effect. Indeed, it considers only
one chain settling in a fluid, while we have actually many chains that
can interact with one another. When f5 is small, long chains form and
settle faster than smaller ones still aggregating. Doing so, they swipe
the space below them, as explained in Section 4.4, resulting in a faster
sedimentation. The effect of this phenomenon becomes smaller as fp
increases and as the chains length decreases, leading to a longer sedi-
mentation process.

This reasoning is valid because colloids aggregate into chains. There-
fore, the behavior of isotropic cluster, such as those observed in S5 (cor-
responding to fp > 10Hz), is expected to be drastically different.
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SCENARIOS 2 AND 3

As in the no field case in Fig. 6.6 and in the S; case in Fig. 6.7,
we plotted the normalized transmitted light (t)/l.. against time dur-
ing a complete sedimentation for fg = 10, 20, 30 Hz in Fig. 6.12, and
compared those signal with S; as well as S5 frequencies. Since the sedi-
mentation was significantly longer than in the previous experiments, we
were unable to fully reach the saturation before the coils we used began
to overheat. However, comparing these results with the ones obtained in
other scenarios still allow some conclusions to be drawn. First, we can
notice that the sedimentation time increases with the applied frequency,
and become closer to the case where no field is applied for fz > 20 Hz.
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Figure 6.12: [(t)/l 4, for fp = 10Hz in orange, fp = 20Hz in light
brown, and fg = 30 Hz in dark brown. They are compared to S; with
the upper envelope of fg = 0.01 Hz in light blue, to S; with fg = 6 Hz,
and to the case where no field is applied in grey.
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Unlike the results in S7, the frame rate here is insufficient to capture
the light variations, which are very small. This makes the discrimina-
tion between parallel and perpendicular configurations as well as the use
of envelopes irrelevant. As a reminder, we established in Section 6.2.1
that the resulting aggregates were mainly isotropic (i.e disk-like) for S
or ribbon-like, instead of chain-like, explaining the small amplitude of
the transmitted light variations.

Instead of steadily reaching the saturation, it appears that two dif-
ferent phases occur for frequencies ranging in S3. During the first one,
I(t) quickly increases. Then, the sedimentation slows down, and ()
continues to increase at a slower rate. There should be of course a last
phase, corresponding to the saturation at the end of the sedimentation
process. Since the saturation is not captured by our experiments, [,
is taken as the maximal gray level in the luminosity profile.

In order to characterize those different steps, we plotted the same
profiles as in Fig. 6.9 for the S frequencies. The results for fgp = 10H 2
are represented in Fig. 6.13, with a time difference between each frame
of 10 min. In the early times of this figure, we can notice a similar
behavior to the one occurring when the chains are aligned along the
longitudinal axis for fp in S;. That is to say that the luminosity profile
show no gradient, but instead increases homogeneously across the sam-
ple height. After this transient behavior, a light gradient is established,
as it was the case for the perpendicular configuration in S;. As ex-
plained before, this indicates that aggregation dominates at first, then,
the sedimentation takes the upper hand. In the first phase, we observe
the consequences of the first aggregation and the sedimentation of the
large aggregates. In the second phase, we rather observe the sedimenta-
tion of the aggregates that remains. In 57, due to the size of the chains
and to the consequent swipe effect, we do not observe a second phase.

Looking at the movie of the experiments in Fig. 6.5 (see also [134])
corroborates these hypothesis, as the movements of the aggregates reach-
ing the bottom of the sample in the first times of experimentation are
clearly visible. The time during which this phenomenon is observed cor-
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Figure 6.13: [(t)/Il 4. for fp = 10Hz along the sample height. A
profile is plotted every 10 minutes.

respond to the horizontal profiles in Fig. 6.13. This confirms that the
first phase of increase in I(t) corresponds both to aggregation and to
a quick settling of the resulting aggregates. During the second phase,
no movements are observed, and the settling steadily continues, only
slower.

Comparing these phases to the observations in Sj, the first seems to
match the increase of I(t) for smaller frequencies, since it corresponds
both to aggregation and settling of large aggregates. This link between
S and S3 make the comparison between the two scenarios possible. To
compare the characteristic time of sedimentation for S; and the charac-
teristic time of the first phase for S3, we fitted the saturating exponential
in Eq. 6.1 to the first phase, and a linear function to the second one.
The fitting functions are represented in dotted lines in Fig. 6.14 or the
upper envelope of fz = 0.01 Hz and the complete signal of fz = 10 Hz.
The blue dotted line correspond to exponential fit, and the red one the
linear fit.
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Figure 6.14: Time evolution I(t)/In.. for fp = 0.01Hz on the top
(upper envelope), and fg = 10Hz on the bottom. The background
colors matches the fit used for the corresponding time range. In both
graph, the blue color denotes the first phase of aggregation and quick

settling of the aggregates.
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The blue exponential fit correspond to the same phase for S; and Ss,
but the red linear fit represents the saturation for S, and the settling of
smaller isolated aggregates or single colloids for S3. The change point
between the two fitting functions is highlighted by the two background
colors.

From those fitting functions, we were able to complete the plot of
Ts in Fig. 6.11 with the characteristic time of the first phase for fp
ranging in S3, denoted 7;. The results are shown in Fig. 6.15. For Sy,
Tg increases linearly. For S5 and S3, 71 decreases, and reaches a value
equivalent to 7g for fp between 0.1 Hz and 1Hz. It indicates that the
large aggregates, while not of the same shape, self-assemble and settle
in a similar time in both scenarios. Since the magnetic field amplitude
does not change between each scenario, we can conclude from this ob-
servation that those aggregates are likely containing the same amount
of particles, but in an anisotropic setting in S7, and in a configuration
close to isotropic in 5.

Concerning the transition, S, it should occur at fp = 7Hz according
to the results displayed in Fig. 6.4. This corresponds to the frequency
where the chains forming in the sample are no longer following the mag-
netic field rotation at the same rate. The results shown in Fig. 6.15
confirm this value of transition frequency. Indeed, for fz = 6 Hz, the
evolution of I(t)/Il., with time is quite similar to the one observed
for fg in S;. On the other hand, for fg = 8 Hz, this evolution present
the same two phases behavior as for fp ranging in S5. The consequent
values of 7¢ for fgp = 6 Hz and 7| for fg = 8 Hz are also plotted in Fig.
6.15. We can thus conclude that the three scenarios expected from the
2D results are observed, with the same values of transition fp between
each of them as in the previous chapter.
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Figure 6.15: Characteristic time obtained from the fitting of a satu-
rating exponential on the first phase of the increase in transmitted light.
The results for S; and S, are added to the results of S;. The character-
istic time 7 corresponds to the sedimentation characteristic time 7, for
fB ranging in Sj.

6.3  Concluding remarks and perspectives

In this chapter, we focused on the three-dimensional aggregation of
superparamagnetic colloids under the influence of a rotating magnetic
field and its impact on the suspension sedimentation process. By
comparing our findings with the results presented in Chapter 5, we iden-
tified notable parallels between the microscopic structures observed
in the earlier experiments and the macroscopic effects revealed in this
study. As a main result, we found the sedimentation time to increase
with fg, the rotational frequency of the magnetic field.

To investigate the 3D microscopic structures formed with the
aggregation induced by the magnetic field rotation, we monitored the
light transmitted through the sample over short time intervals with a
high frame rate. For frequencies such as fg < 7Hz, the transmitted
light varies periodically with time, with a frequency double that of
fB. This behavior is similar to the one observed with magnetic nanorods
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subjected to a rotating magnetic field (see Section 4.3), indicating that
the colloids aggregate into chains at these frequencies. For fp > 7 Hz,
the period of light variation decreases, showing that while chains still
form, they no longer rotate synchronously with the magnetic field.
Finally, as fp increases to 30 Hz, the amplitude of the light variations
becomes very small and erratic. This could correspond to a mixture of
small chains and disk-like clusters, that might shield the effect of chains
rotation on the transmitted light, which would be consistent with the
results of Chapter 5. However, this could also be explained by the pres-
ence of short and wide ribbons, or by a combination of chains and single
colloids.

Given the three distinct frequency regimes identified in our first ex-
periments, we considered separately 3 scenarios, corresponding as well
to the frequencies studied in Chapter 5 : S; for fp < 5Hz, S, for
5Hz < fp < 10Hz, and S5 for fgp > 10 Hz. After determining the micro-
scopic structures for each scenario, as described above, we then assessed
their impact on sedimentation. To achieve this, we captured the en-
tire sedimentation process to the greatest extent possible and compared
it to the case where no magnetic field is applied.

For fg < 5Hz, or S;, sedimentation is clearly faster compared to
the case with no magnetic field, and the light transmitted through the
sample follows a saturating exponential function (see Eq. 6.1 and
Fig. 6.7). Fitting this function to the signal allowed us to define a
characteristic time, 7g, which increases linearly with fg. This linear
relationship appears to contradict the sedimentation speed of a single
rod in a viscous fluid, vg, given by Eq. 4.12. This discrepancy may
arise from chains influencing each other’s sedimentation, likely through
the swipe effect described in Section 4.4. Specifically, when chains are
longer, they settle faster, and can therefore swipe the smaller chains
still forming beneath them. This effect leads to a faster overall settling
process, and is more pronounced at lower frequencies. Additionally, we
plotted the transmitted light profiles from the top to the bottom of the
sample over time in Fig. 6.9, for both the parallel and perpendicular
chain orientations relative to the longitudinal axis.
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From these plots, we concluded that aggregation is the predominant
mechanism driving the particles initially, with sedimentation taking over
after the initial clustering phase.

For fg > 10Hz, or S3, we no longer observe the saturating exponen-
tial behavior seen at lower frequencies. Instead, two distinct phases
emerge, as highlighted in Fig. 6.12. During the first one, the trans-
mitted light increases rapidly, and we observe numerous aggregates
settling to the bottom of the sample. In the second phase on the other
hand, the transmitted light continues to rise steadily, but at a much
slower rate, similar to the behavior observed when no magnetic field is
applied. Looking at the light profiles from top to bottom along time in
Fig. 6.13 reveals an initial rapid aggregation, followed by slow sed-
imentation. From these results, we infer that the first phase involves
the same mechanisms as the entire sedimentation process for smaller
fB, that is to say, fast aggregation followed by sedimentation of large
aggregates. This phase can be fitted with a saturating exponential as
previously, yielding a characteristic time for this phase comparable
to the sedimentation times observed for fp between 0.1 Hz and 1Hz.
This suggests that the aggregates formed in both frequency ranges may
contain a similar number of colloids.

At the transition, 5 Hz < fp < 10Hz (or Sy), we observed behaviors
characteristic of both frequency ranges described earlier. More precisely,
at fp = 6 Hz, the signal evolves similarly to what was observed in 57,
while at fg = 8 Hz, we rather detect the two-phase behavior detailed
for Ss.

These results are consistent to the conclusions of Chapter 5
and suggest that similar microscopic structures form in both 2D and 3D
for fp < 10Hz. Above this frequency, we cannot formally identify the
shape of the aggregates. They may consist of a mixture of chains and
disk-like clusters, as in 2D, or a combination of chains and individual
colloids. Another possible structure is short, wide ribbons. Nonetheless,
we can confirm the presence of structures other than disk-like clusters,
wether chains or ribbons, which also aligns with our previous findings.
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Our results are represented in the updated visual summary in Fig.
6.16, which highlights our contribution in light yellow.

However, several questions remain unanswered. While we explored
the influence of the magnetic field’s rotational frequency, other param-
eters, such as the colloidal volume fraction discussed in Chapter 5, or
the magnetic field amplitude, were not investigated in the context of
sedimentation.

Regarding the volume fraction, exploring the same experimental
range as in the previous chapter could help identify the aggregates that
form at fg > 10Hz. For example, at ¢ = 5.10~%, only chains were ob-
served for fgp = 20Hz in 2D, whereas isotropic clusters predominantly
formed for ¢ = 3.1073 at the same frequency. As a reminder, a vol-
ume fraction of 2.107% was used in the experiments discussed in this
chapter. Therefore, identifying the microscopic structures under these
conditions could offer valuable insights to the questions still remaining
in this chapter.

Similarly, the magnetic field amplitude could also influence the
aggregated microscopic structures in 3D, as noted in Section 5.5, where
it was found to affect the 2D structures as well. Comparing different
magnetic field amplitudes with those used in this chapter could better
our understanding of the underlying mechanisms.

Overall, any modifications to the experimental conditions
that would alter the aggregated microscopic structures may potentially
impact the sedimentation process and provide deeper insights into the
observations presented in this chapter.

Finally, an unexplored aspect of the results is the fluid flux through
the sample that may be induced by the movement of the aggregates. For
instance, at fp within S3, the initial collective movement of aggregates
towards the bottom of the sample suggests the formation of a convec-
tion cell. Such fluid flux could be driven by both interactions with the
container walls [135, 136] and hydrodynamic interactions among the ag-
gregating or settling microstructures [137, 138]. This phenomenon could
be further investigated using Particle Image Velocimetry, which would
enable tracking the particles throughout the sedimentation process.
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The Final Act

Concluding insights and future prospects

As we conclude this thesis, it’s worth reflecting again on the theme we
began with. From the moment we wake up, through the many tools that
shape our day, we manifest a constant desire to extend our abilities, sim-
plify tasks, and push the boundaries of what we can achieve. Likewise,
the subject of this thesis centers on a powerful yet microscopic set of
tools: superparamagnetic colloids. Though far from the everyday tools
we interact with, these tiny particles have the potential to transform
fields such as medicine, environmental science, and engineering.

Just as tools have evolved from simple stone axes to advanced robotics
and nanotechnology, superparamagnetic colloids open a wide range
of opportunities to control and harness microscopic systems. These par-
ticles, manipulated by different types of external magnetic fields, exhibit
both self-assembly and locomotion at scales too small for the naked
eye. What we have explored in this thesis is a snapshot of the next
generation of tools that may one day operate autonomously in our bod-
ies or in remote, hazardous environments, continuing humanity’s long
tradition of extending our reach and capabilities.
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To understand the nature and relevance of superparamagnetic col-
loids, we began by exploring the concepts of magnets and magnetic
fluids, drawing comparisons with ferrofluids in Chapter 2. Both fer-
rofluids and superparamagnetic colloids consist of magnetic particles
suspended in a fluid, often oils for ferrofluids and water for colloids,
and rely on thermal agitation to maintain zero magnetization when no
external magnetic field is applied. The key difference is that ferrofluid
particles are permanent magnets on the nanometer scale, while super-
paramagnetic particles are non-permanent magnets on the microm-
eter scale. This non-permanent nature means that superparamagnetic
colloids do not exhibit magnetic interactions in the absence of an exter-
nal magnetic field, which can be advantageous for developing specific
applications, such as water depollution.

Then, in Chapter 3, we explored the self-assembly of superparam-
agnetic colloids under the influence of constant and rotating magnetic
fields, focusing on two-dimensional systems. When subjected to a con-
stant magnetic field, the particles aggregate into chains aligned with
the field. Under a slowly rotating magnetic field, with a frequency be-
low 1Hz, these chains rotate along with the field, at the same rate.
As the frequency increases, the viscous drag on the particles causes
the chains to break into shorter segments, and for higher frequencies,
the magnetic interactions become isotropic, leading to the formation of
disk-like clusters instead.

Under the influence of a rotating magnetic field, the aggregation pro-
cess is influenced by both magnetic and hydrodynamic interactions.
The former govern the formation of chains and clusters, while the latter
drive chains breakup, enhance the aggregation of disk-like clusters, and
induce their rotation. These results highlight how the characteristics of
the magnetic field, particularly its rotational frequency fg, dictate
the structural transitions and dynamics of colloidal aggregates.

Given the importance of the rotational frequency fp in the aggrega-
tion process, we investigated its influence by conducting experiments
in a quasi-2D suspension. During these experiments, detailed in Chap-
ter 5, we focused on the the early stages of colloid clustering, which
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had yet to be unraveled. We discovered that, contrary to expectations,
colloids initially form chains even at frequencies where disk-like clus-
ters are anticipated (fp > 10Hz). These chains interact and eventually
transition into disk-like clusters, adding a new step to the existing model
of cluster formation for numerous particles. To quantify this transition,
we introduced a model based on cluster circularity, allowing us to track
the proportion of chains and disk-like clusters over time and to identify
a critical time for the formation of disk-like clusters, which decreases
with fg. Alongside with the influence of magnetic field rotational fre-
quency, we also investigated the impact of colloidal volume fraction,
showing that at the same frequency, a lower volume fraction foster chain
formation, while its the opposite for larger volume fraction.

Our results offer new insights into the dynamics of clustering in
rotating magnetic fields and highlight the importance of further study-
ing the impact of other parameters, such as the magnetic field amplitude.
These findings not only advance our understanding of colloidal aggrega-
tion in simple systems, but also pave the way for future investigations
into more complex scenarios, such as coupling magnetic fields with other
forces or using anisotropic colloids.

After investigating the microscopic structures in quasi-2D suspen-
sions, we shifted our focus to three-dimensional systems in Chapter
4, where aggregation could have a macroscopic impact, particularly on
sedimentation. To approach this matter, we compiled current knowl-
edge on 3D aggregation of magnetic colloids, following the same reason-
ing applied for the 2D case and beginning with a constant magnetic field.
In this scenario, columns form instead of chains, but they remain ori-
ented along the magnetic field. For a rotating field, when the frequency
is sufficiently high, the interaction potential becomes isotropic, much
like in the 2D case. This leads to the layering of the suspension, forming
large interconnect sheets. It is conceivable that, at lower frequencies,
layering might not occur, and instead, rotating chains or columns may
form. This would be analogous to systems where magnetic nanorods
rotate in response to the field, causing periodic variations in the light
transmitted through the sample. Observing such light variations exper-
imentally would thus support the hypothesis of rotating chains.
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Examining the macroscopic effects of these microscopic structures,
we discussed two possible types of sedimentation process. The first,
termed cluster deposition, involves the colloids aggregating into discrete
clusters that settle individually, resulting in a diffuse sedimentation
front. The second, referred to as collective settling, occurs when colloids
form a networked gel structure that settles as a cohesive unit, produc-
ing a sharp sedimentation front. By looking at the sedimentation
front, we can thus expect to identify the settling regime. An open ques-
tion that remains is how aggregation influences sedimentation, and more
specifically, what role the microscopic structures aggregating in the sus-
pension play in this process.

We tackled this question in Chapter 6 by observing experimentally
the sedimentation of suspensions subjected to a rotating magnetic field
in the horizontal plane, for a range of rotation frequencies. Right away,
we found that the sedimentation front was diffuse in all of our experi-
ments, indicating that colloids aggregate into individual clusters that
then settle.

Next, we used high-frame-rate light transmission measures to iden-
tify the microscopic structures aggregating within the sample, as direct
observation through a microscope was not feasible in this configuration.
These experiments revealed three distinct frequency regimes. In
the first regime, corresponding to fp < 5Hz, we observed light flashes
with a period double that of the magnetic field. This indicates that
chains are rotating in the sample at the same rate as the magnetic
field. In the second regime, spanning 5 Hz < fp < 10 Hz, the period of
the light flashes decreased, showing that the chains no longer follow
the magnetic field rotation precisely. In the final regime, fz > 10 Hz,
the amplitude of light variations became very small and erratic, suggest-
ing the formation of either fewer chains or larger, shorter ribbons,
potentially shielded by single colloids or isotropic clusters. These ob-
servations align with the results of Chapter 5, suggesting that similar
microscopic structures form in 2D and 3D.
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Following the identification of these microscopic structures, we stud-
ied their impact on the sedimentation process. We found that lower
magnetic field rotation frequencies correspond to faster sedimen-
tation. We attribute this to the presence of longer chains at lower
frequencies, which settle more quickly. Additionally, the swipe effect,
where longer chains settle faster and displace smaller, still-aggregating
chains underneath, further accelerates sedimentation. We finally ob-
served a two-phase sedimentation process for frequencies above 10 Hz:
initially, a rapid aggregation and settling of large aggregates, followed
by a slower settling phase for the remaining smaller aggregates or single
colloids, which does not occur at lower frequencies.

Our findings in 3D align well with the structures brought to light by
our 2D results, which improves our understanding of how microscopic
structures influence macroscopic phenomena like sedimentation. They
are summarized in the card annexed to this thesis, with our contribu-
tion highlighted in yellow. Looking ahead, future research could explore
how other variables such as colloidal volume fraction or magnetic field
amplitude impact the sedimentation, as we showed that both of these
parameters influenced the structure forming in two dimensions. More
broadly, any parameter that affects the aggregating microscopic struc-
tures will also impact the sedimentation process, such as the colloids
shape or the coupling of the magnetic field with other external fields.
Ultimately, the scope for further exploration is vast, limited only by our
creativity and technological advancements.

While our experiments consistently showed a diffuse sedimentation
front, there is room to explore the possibility of transitioning to a sharp
sedimentation interface at higher magnetic field rotational frequencies.
Such a transition would signify that colloids aggregate into large, in-
terconnected sheets, potentially altering sedimentation dynamics signif-
icantly as well as the sedimentation time. This shift from cluster deposi-
tion to collective settling would also be influenced by factors like volume
fraction and magnetic field amplitude, and could potentially allow to
transform a homogeneous suspension into a gel-like structure
using only an external field.
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Additionally, we examined sedimentation under a magnetic field in
the horizontal plane. However, flipping the field to the vertical plane
could introduce significant effects due to gravity, influencing both the
microscopic structure formation and the sedimentation process itself in
novel ways.

While these considerations may seem distant from our initial focus on
microscopic robots, it is crucial to remember that understanding the in-
teractions and aggregation of superparamagnetic colloids is fundamental
to their development. These particles are not just the building blocks
of micrometric robots but also their driving force, controlled by ex-
ternal fields. By comprehending how they interact and self-assemble in
various configurations, we pave the way for designing versatile self-
constituting robots tailored to specific tasks. Do we need to swim in a
viscous environment, deliver drugs to targeted cells, capture and retrieve
pollutants from water, or mix hazardous fluids? Each of these scenario
demands a specific form of self-assembly and control, which requires to
first address foundational configurations that will serve as a baseline
for further, more complex layouts. This thesis aimed to establish
this foundation, and I hope it has not only achieved that goal
but also provided an engaging overview of the wonders we can
achieve thanks to superparamagnetic colloids.
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