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Résumé

Les systèmes vivants consomment continuellement de l'énergie et ont ainsi accès à des états hors-équilibre qui leur confèrent des propriétés fascinantes. L'étude physique des systèmes vivants repose souvent sur des analogies avec des systèmes de la matière molle, tels que les colloïdes. Dans cette thèse, nous investiguons deux systèmes colloïdaux bidimensionnels hors l'équilibre thermodynamique, qui présentent des phénomènes d'autoassemblage, de viscoélasticité, de transitions de phase et de ségrégation semblables à ceux de certains systèmes biologiques.

Dans la première partie de la thèse, nous étudions expérimentalement et théoriquement la dynamique des agrégats de colloïdes paramagnétiques sous un champ magnétique tournant, qui agit comme une source constante d'énergie. Nous caractérisons la dynamique de rotation des agrégats, que nous expliquons par un modèle théorique qui décrit l'émergence de propriétés viscoélastiques collectives. Le modèle capture avec succès la dépendance entre la vitesse de rotation mesurée et les caractéristiques des particules, des agrégats et du champ, et il fournit une estimation de la viscoélasticité de l'agrégat. Nous étendons notre étude au cas des agrégats binaires de deux types de colloïdes, qui ont des tailles et des susceptibilités magnétiques différentes. La dynamique des agrégats en fonction des compositions est correctement décrite par notre modèle théorique généralisé. Nous caractérisons également l'évolution de la structure de ces agrégats binaires, qui rappelle la ségrégation entre deux liquides non miscibles. Motivés par les phénomènes d'étalement des agrégats vivants, nous étudions ensuite le désassemblage d'un agrégat de colloïdes en réponse à un changement du champ magnétique externe, par expérience et théorie.

Dans la deuxième partie de la thèse, nous étudions un mélange binaire de colloïdes de Lennard-Jones actifs et passifs, caractérisés par deux températures effectives différentes, ce qui correspond à une différence d'activité scalaire. Nous effectuons des simulations de dynamique moléculaire où les deux types de colloïdes sont couplés à deux thermostats différents. Nous nous intéressons à deux systèmes de référence à l'équilibre thermodynamique : un mélange homogène et un système interfacial gaz-liquide. Nous amenons ces systèmes à des états stationnaires hors-équilibre en introduisant une différence de température effective entre les deux espèces, et nous étudions systématiquement les changements de structure et propriétés qui en résultent. Pour le système homogène, l'introduction d'une différence d'activité entre les deux espèces déplace le mélange du solide vers l'état liquide et le rend x plus déformable que ce qui correspondrait à la température effective moyenne du système. Lorsque la différence d'activité dépasse un certain seuil, des phénomènes de ségrégation sont observés. Pour le système interfacial, nous étudions l'effet de l'activité sur une interface gaz-liquide pré-existante entre deux espèces séparées. Nous constatons qu'une différence d'activité élevée induit la formation de nouvelles interfaces solide-liquide, tandis qu'une différence faible déstabilise les interfaces liquide-gaz préexistantes. De plus, la combinaison d'une interface préexistante avec une activité différentielle conduit à une cristallisation partielle et donc à une coexistence de trois phases (solide, liquide et gaz).

Les résultats obtenus dans ces systèmes idéalisés pourraient guider notre compréhension et mettre en évidence des mécanismes physiques présents dans les systèmes biologiques, où des comportements dynamiques similaires sont observés.

Mots-clés : Matière active, colloïdes magnétiques, auto-organisation, mélange binaire, interfaces, dynamique moléculaire.

Résumé détaillé de la thèse en français Chapitre 1 : Introduction

Les systèmes vivants ne cessent pas de nous fasciner par leurs structures, propriétés et comportements étonnants à différentes échelles : de l'échelle moléculaire (enzymes convertissant l'énergie chimique (ATP) en travail mécanique), en passant par l'échelle microscopique (tissus cellulaires et suspensions bactériennes) jusqu'à l'échelle de l'organisme (les volées d'oiseaux et même les masses humaines). Contrairement aux systèmes inertes, qui évoluent spontanément vers des états d'équilibre, correspondant au minimum d'énergie libre, ou vers des états cinétiquement piégés, correspondant à un minimum local, les systèmes vivants fonctionnent souvent dans des états hors-équilibre dissipatifs en consommant continuellement de l'énergie. La nature dissipative de ces états confère aux systèmes vivants une remarquable adaptabilité à leur environnement. Alors que les états d'équilibre sont souvent associés à des propriétés permanentes, comme la couleur structurelle des plumes d'oiseaux, les états de non-équilibre dissipatif permettent des changements de couleur structurelle à la demande, comme chez le caméléon Les systèmes vivants peuvent être considérés comme des assemblages hors équilibre, réunissant un grand nombre de composants élémentaires qui consomment de l'énergie, ce qui conduit à la création de structures complexes et à des propriétés et des dynamiques collectives intéressantes à grande échelle. Par exemple, les agrégats cellulaires sont des assemblages de cellules connectées par des jonctions intercellulaires que l'on trouve dans les tissus embryonnaires ou dans des pathologies telles que les tumeurs. Ces différents types d'agrégats biologiques présentent un comportement mécanique collectif qui résulte des propriétés des individus constituant l'agrégat, d'une part, et de leurs interactions, d'autre part. Les propriétés remarquables des systèmes vivants, telles que la polyvalence, l'auto-réparation, l'auto-reproduction et la richesse des propriétés et des comportements collectifs, ont attiré l'attention des chercheurs à leur étude, y compris des physiciens. La recherche physique des systèmes vivants apporte non seulement de contributions scientifiques et médicales majeures, mais conduit également à la conception de matériaux synthétiques actifs avec des xii Résumé détaillé de la thèse en français fonctionnalités similaires. Les propriétés et dynamiques des systèmes actifs ne peuvent pas être comprises dans le cadre de la physique statistique utilisé pour les systèmes en équilibre thermodynamique. Le développement de nouveaux modèles qui capturent la dynamique hors-équilibre de la matière vivante est ainsi devenu un défi majeur en physique.

L'étude physique des structures et des propriétés mécaniques collectives des agrégats biologiques repose souvent sur des analogies avec des systèmes modèles de la matière molle, tels que les colloïdes. Un certain nombre de systèmes expérimentaux synthétiques fonctionnant dans un état de hors-équilibre et imitant les systèmes biologiques ont été proposés et étudiés. De nombreuses études expérimentales, théoriques et numériques ont mis en lumière certains phénomènes physiques dans les systèmes actifs, tels que les transitions de phase, l'auto-assemblage et la séparation de phases. Par exemple, le travail théorique et numérique pionnier de Vicsek a fourni une explication du mouvement d'une volée d'oiseaux à l'aide de règles physiques simples. D'autres modèles qui capturent les comportements remarquables de systèmes actifs biologiques et synthétiques présentant différents modes d'activité, géométrie des individus, environnements et confinements, ont été développés. Ces systèmes modèles permettent de mieux comprendre le comportement émergent présenté par de nombreux systèmes de matière vivante et de distinguer les comportements qui sont des phénomènes purement physiques de ceux qui nécessitent des stimuli biologiques spécifiques. Les systèmes colloïdaux qui récoltent l'énergie de leur environnement ou d'un réservoir interne et le transforme en mouvement sont les plus couramment étudiés expérimentalement et numériquement, car ils sont faciles à contrôler et à suivre. Dans cette thèse on propose deux systèmes colloïdaux binaires hors-équilibre comme systèmes modèles de certains systèmes vivants binaires, comme par exemple un agrégat cellulaire binaire, ou deux colonies de bactéries mises en contact. Notre premier système modèle est un système expérimentale de billes paramagnétiques. Notre deuxième système est un système de particules de Lennard-Jones étudié par des simulations de dynamique moléculaire. L'étude expérimentale est présentée dans les Chapitre 3 et 4 du manuscrit, et les simulations dans les Chapitres 5 et 6.

Chapitre 2 : Fondamentaux et état d'art

Dans ce chapitre, nous rappelons les notions théoriques et le modèles essentiels dans notre étude et présentons l'état d'art. Nous commençons par résumer certains modèles de la matière active, notamment le modèle de la particule Brownienne active, afin de clarifier la différence par rapport aux systèmes passifs (particule Brownienne classique) qui sont à l'équilibre thermodynamique. On établit le lien entre deux types d'activités, scalaire et vectorielle. L'activité scalaire, non directionnelle, est liée à la température ou la diffusion effective de la particule Résumé détaillé de la thèse en français xiii active, alors que l'activité vectorielle est liée à la propulsion directionnelle des particules formant le système. Nous rappelons des résultats précédents montrant que, dans la limite des petits nombres de Péclet et des faibles densités, l'activité scalaire est considérée comme une représentation de l'activité vectorielle et donc le modèle à deux températures (Grosberg et al., Phys. Rev. E, 2015) est une représentation pertinente des systèmes biologiques. Ensuite, on rappelle des résultats fondamentaux des interactions dipolaires magnétiques. On présente aussi l'état de l'art de l'auto-assemblage des particules magnétiques sous l'effet d'un champ magnétique, statique ou dynamique. Les champs dynamiques permettent l'obtention de structures plus complexes et des propriétés et des comportements collectives très riches. Dans la dernière partie de ce chapitre, nous présentons la technique de simulation de dynamique moléculaire et expliquons comment elle permet d'obtenir des propriétés macroscropiques à partir d'une description microscopique du système. Nous présentons aussi les deux méthodes utilisées dans cette thèse pour calculer les propriétés thermomécanique du système : déformations finies et formalisme des fluctuations de contraintes.

Chapitre 3 : Dynamiques d'auto-assemblage et désassemblage des colloïdes paramagnétiques : Méthodes expérimentales et modèles théoriques Dans ce chapitre, on présente notre dispositif expérimental composé de deux bobines de Helmholtz et une bobine simple. Ce dispositif permet de générer un champ magnétique dynamique dans les trois dimensions de l'espace. On présente aussi les caractéristiques des colloïdes magnétiques, Dynabeads M-450 et M-270, utilisés dans nous expériences, ainsi que notre protocole expérimental.

Nous étudions théoriquement et expérimentalement les propriétés et la dynamique des agrégats bidimensionnels de colloïdes paramagnétiques. Ces agrégats s'assemblent spontanément sous un champ magnétique tournant dans le plan et, de façon inattendue étant donné leur forme isotrope, ils se mettent spontanément en rotation à une vitesse angulaire plus faible que celle du champ. L'auto-assemblage de ces agrégats est gouverné par le bilan entre les interactions dipolaires attractives moyennées dans le temps et les interactions répulsives (stérique ou électrostatique) à courte portée. La rotation des agrégats isotropes a été expliquée pour la première fois, pour le cas de petits agrégats hexagonaux, dans l'étude de Tierno et al. (Tierno et al., Phys. Rev. Lett., 2007). Cette rotation est causée par une déformation dynamique entraînée par le déséquilibre des forces magnétiques appliquées au bord de l'agrégat, qui induisent une tension linéaire anisotrope d'origine magnétique. Nous xiv Résumé détaillé de la thèse en français montrons que le modèle théorique de Tierno et al., développé pour de petits agrégats hexagonales de 7 particules, n'est pas directement applicable à nos expériences, où les agrégats sont de différentes tailles, d'où la nécessite de développer un nouveau modèle théorique. En partant des travaux de Tierno et al, nous développons un nouveau modèle théorique qui prédit correctement la dépendance de la rotation des agrégats au champ magnétique appliqué et aux caractéristiques des particules. Nous généralisons ensuite ce modèle au cas des agrégats binaires qui s'auto-assemblent à partir d'un mélange binaire de particules paramagnétiques de deux tailles et susceptibilités magnétiques différentes sous un champ tournant externe.

Nous nous intéressons aussi à la dynamique de désassemblage et d'étalement rapide des agrégats bidimensionnels en réponse à un changement du champ externe, qui passe d'un champ dynamique tournant dans le plan à un champ statique vertical. Le désassemblage de l'agrégat est dû aux interactions magnétiques dipolaires répulsives entre les particules formant l'agrégat. Dans ce chapitre, nous présentons aussi le protocole expérimental pour réaliser ces expériences d'étalement de l'agrégat et développons un modèle théorique qui permet de prédire la variation spatio-temporal de la densité locale au sein de l'agrégat observée dans nos expériences.

Chapitre 4 : Dynamique d'auto-organisation et désassemblage des colloïdes paramagnétiques : Résultats

Dans ce chapitre, nous étudions expérimentalement comment la vitesse de rotation dépend de la taille des agrégats, des caractéristiques des colloïdes utilisés et du champ appliqué. Nous comparons nos observations avec les prédictions de notre modèle théorique considérant l'agrégat comme un solide viscoélastique. Nous présentons les résultats expérimentaux de la dynamique des agrégats bidimensionnels homogènes (mono-composent) et binaires. On s'intéresse à l'effet de la taille de l'agrégat R c , l'intensité B et la fréquence Ω du champ appliqué, ainsi que les caractéristiques des particules, rayon a et susceptibilité magnétique χ, formant l'agrégat. Dans chaque série d'expériences on varie un seul paramètre, alors que les autres restent constants. Dans les expériences, on observe que les petits agrégats tournent plus vite que les grands agrégats. Les courbes expérimentales ω = ω(R c ) suivent la loi théorique prédite par le modèle, ω ∝ R -8/3 c . On trouve aussi que la vitesse de rotation de l'agrégat augmente avec la fréquence et l'intensité du champ magnétique. Cette dépendance est en très bon accord avec la prédiction théorique, ω ∝ B 8/3 Ω 2/3 . La nature des particules formant l'agrégat affecte la vitesse de rotation : un agrégat homogène formé que par de grandes particules tourne plus vite qu'un agrégat de même taille mais composé par de petites Résumé détaillé de la thèse en français xv particules. Ceci est dû principalement aux fortes interactions dipolaires entre les grandes particules par rapport à celles entre les petites particules. Cette dépendance est donnée dans notre modèle par ω ∝ (aχ) 4/3 . Nous quantifions aussi la dynamique de rotation des agrégats binaires. Un agrégat binaire avec 20% de grandes particules tourne à la même vitesse qu'un agrégat homogène de grandes particules. Ce résultat expérimental est expliqué avec succès par la version généralisée de notre modèle théorique, ω ∝ (Fa 1 χ 1 ) 4/3 , où F est le facteur qui tient compte de la composition de l'agrégat, a 1 et χ 1 sont les caractéristiques des grande particules (M-450). Notre modèle prédit correctement les observations expérimentales et en plus il permet de quantifier la viscosité et l'élasticité des agrégats, ainsi que d'expliquer l'émergence des propriétés viscoélastiques à partir des interactions colloïdales de paire. Nous trouvons une valeur de la viscosité de l'agrégat de (3.5 ± 0.6) × 10 -12 N s m -1 , du même ordre que celle rapportée préalablement pour les agrégats hexagonales. Nous caractérisons ensuite la structure interne de l'agrégat et son évolution dans le temps. Notamment, nous présentons une méthode pour calculer la fonction de distribution radiale des positions des particules à partir de données expérimentales obtenues pour une collection d'agrégats finis de différentes tailles. Nous montrons que les deux types de particules se séparent au cours du temps, de manière analogue à la ségrégation entre deux liquides non miscibles, en raison des différences de tensions interfaciales. Nous étudions également l'effet potentiel de cette évolution structurelle sur la dynamique de rotation. Nos résultats montrent que la vitesse de rotation de l'agrégat est indépendante de sa structure interne. Puisque les agrégats de colloïdes magnétiques sont des systèmes dissipatifs hors-équilibre, nous identifions des analogies physiques avec les agrégats biologiques, où des comportements dynamiques similaires sont observés.

Nous étudions aussi le désassemblage et l'étalement d'un agrégat homogène en réponse au changement du champ tournant par un champ statique vertical. La dynamique de désassemblage et l'étalement des agrégats magnétiques est semblable à une transition solide-gaz. On quantifie expérimentalement et théoriquement la variation spatio-temporelle de la densité de l'agrégat. On trouve un excellent accord entre les résultats expérimentaux et les prédictions théoriques de notre modèle. On arrive aussi à estimer la valeur du coefficient de friction d'une particule avec le substrat (≈ 1.8 × 10 -12 Pa s m), une valeur quatre fois plus grande de la valeur obtenu via la formule de Stokes. Ce résultat indique que le frottement du substrat domine sur la traînée hydrodynamique, conformément à notre modèle.

xvi Résumé détaillé de la thèse en français Chapitre 5 : Modélisation de systèmes binaires de colloïdes actifs et passifs : Méthodes Dans cette partie de la thèse nous modélisons les systèmes binaires qui sont mis hors équilibre à cause de l'activité de ses constituants, tels qu'un agrégat cellulaire formé de deux types de cellules. Ici on s'intéresse aux systèmes dont leur activité est de nature scalaire, ce qui signifie que aucun espèce n'effectue un mouvement directionnel. Les deux espèces sont diffusifs, avec des coefficients de diffusivité différents, ce qui représente une différence d'activité. Nous modélisons ce type de système de façon simplifiée par un mélange binaire de particules de Lennard-Jones. La différence d'activité entre les deux espèces est modélisé par une différence de température T 1 -T 2 (T 1 ≥ T 2 ). En simulation, le contrôle de la température des deux types de particule se fait en utilisant deux thermostats.

Dans ce chapitre, nous présentons notre étude numérique par dynamique moléculaire (en utilisant le code LAMMPS) des systèmes colloïdaux binaires actifs et passifs qui sont mis hors équilibre en imposant deux températures, comme décrit dans l'approche de la température effective de Grosberg et Joanny (Grosberg et al., Phys. Rev. E, 2015). Nous décrivons notre modèle à deux températures et présentons les détails des techniques de simulation de systèmes binaires avec et sans interface préexistante. Nous étudions l'effet de l'activité sur deux systèmes de référence initialement à l'équilibre thermodynamique : Le premier est constitué d'un mélange uniforme de particules actives et passives (ou moins actives). Le second possède dans son état d'équilibre une interface plane séparant une phase gazeuse de colloïdes actifs (plus chauds) et une phase liquide de colloïdes passifs (moins chauds). Pour le premier système, nous étudions l'effet de l'activité sur la transition solide-liquide et les propriétés thermomécaniques du système. Nous calculons le module de cisaillement G et le module de compression K via deux méthodes : déformations finies et formalisme des fluctuations de contraintes. Pour le deuxième système de référence, nous quantifions l'effet de l'activité sur la structure du système et les propriétés de l'interface liquide-gaz. Tous les outils nécessaires pour modéliser et caractériser ces deux systèmes sont aussi présentés dans ce chapitre.

Chapitre 6 : Modélisation de systèmes binaires de colloïdes actifs et passifs : Résultats

Pour le premier système, comportant un mélange homogène, nous avons étudié la transition de phase solide-liquide. Nous avons constaté que la température moyenne à la fusion Résumé détaillé de la thèse en français xvii d'un mélange de colloïdes actifs et passifs est inférieure à celle d'un système à un seul composant. L'inclusion d'un composant actif rend évidemment le système plus "chaud" en moyenne et favorise la transition vers l'état liquide. L'aspect inattendu de nos résultats est que cet effet est plus prononcé que celui prédit à partir de la température moyenne linéaire du système. Cette tendance non-linéaire augmente avec la différence d'activité (ou de température) entre les deux espèces. Nos calculs des propriétés thermomécaniques montrent que, pour toute température moyenne donnée du système au voisinage de la transition de phase, une augmentation de l'activité différentielle entre les deux composants réduit la température de fusion ainsi que les modules de cisaillement G et de compression K. Cet effet de "ramollissement" constitue le résultat central de notre étude pour un système binaire homogène.

Nous présentons ensuite nos résultats montrant l'effet de l'activité, α = T 1 /T 2 , sur les propriétés d'une interface gaz-liquide plane pré-existante, en particulier la largeur interfaciale et la tension de surface. Lorsque le système est poussé hors-équilibre par une différence de température imposée et au-delà d'une valeur critique de l'activité (α c ≥ 1.1), une région solide apparaît au centre de la région liquide, ainsi que des interfaces solide-liquide. Le système présente une co-existence à trois phases pour les activités intermédiaires, obtenue loin du point triple de système. Alors que pour les hauts différences d'activité, la région dense du système devient presque entièrement solide, et le liquide séparant les phases solide et gazeuse pratiquement disparaît. Dans ce système interfacial hors-équilibre, nous constatons que les profils de densité se comportent comme prévu, mais les profils de température présentent des caractéristiques étonnamment non-uniformes. Pour modéliser le fonctionnement de nos deux thermostats, nous proposons une approche phénoménologique qui explique les profils de température non triviaux observés dans les simulations. Par ailleurs, alors que des études antérieures rapportent que l'interface est stabilisée par l'activité, nos résultats de tension superficielle liquide-gaz montrent l'inverse : elle diminue de façon monotone quand α augmente (avec une décroissance plus rapide pour α < α c ). Cependant, quand on examine la largeur de l'interface liquide-gaz, l'effet de l'activité est non-monotone : la largeur augmente d'abord avec α pour α < α c , ensuite, elle diminue avec α, ceci malgré la continuelle diminution de tension superficielle. Ce dernier point a été expliqué par la présence de l'état solide (et froid) dans le système pour α > α c , et constitue un résultat original de notre système hors-quilibre à trois phases coexistantes (solide-liquide-gaz). Quant à la tendance de la tension superficielle, elle put s'expliquer par l'augmentation de la température locale avec α, au niveau de l'interface gaz-liquide. Un autre résultat remarquable est que, près d'une interface existante, une faible activité différentielle est suffisante pour empêcher le mélange des deux espèces. Ceci est dû au fait que le processus de cristallisation est rapide xviii Résumé détaillé de la thèse en français comparé au processus de mixage. Ainsi, près de notre interface gaz-liquide, une fois que nous dépassons le seuil d'activité différentielle, α c ≈ 1, 1, une région solide émerge et les particules plus actives ont tendance à se concentrer dans la région gazeuse et les particules moins actives dans la phase condensée. En revanche, en absence d'une interface préexistante, une très grande activité différentielle est nécessaire pour la ségrégation, correspondant aux valeurs élevées de α c précédemment rapportées dans la littérature. 

Introduction

Living systems never cease to fascinate us with their amazing structures, properties, and behaviors over different time and length scales: from the molecular scale (cytoskeletal enzymes converting chemical energy (ATP) to mechanical work) to the microscopic scale (e.g., tissue motion and growth, bacterial suspensions) to the scale of the organism (e.g., schools of fish, flocks of birds, or even masses of humans). In contrast to inert systems, which spontaneously evolve towards equilibrium states, corresponding to absolute minima of the free energy, or towards kinetically-trapped states, corresponding to local minima, living systems often operate in dissipative nonequilibrium states by continuously consuming energy [START_REF] Hermans | Droplets out of equilibrium[END_REF][START_REF] Van Ravensteijn | Fuel-mediated transient clustering of colloidal building blocks[END_REF][START_REF] Van Rossum | Dissipative out-of-equilibrium assembly of man-made supramolecular materials[END_REF]. Dissipative nonequilibrium confers to living systems a remarkable adaptability to their environment. While equilibrium states are often associated to permanent properties, such as the structural color of bird feathers, dissipative nonequilibrium states enable on-demand changes, such as the active structural color of the chameleon [START_REF] Lijeström | Active structuring of colloids through field-driven self-assembly[END_REF].

Living systems can be viewed as non-equilibrium assemblies, in which subunits come together by consuming energy, leading to complex structures and interesting large-scale collective dynamics and properties. For example, cellularized materials are assemblies of cells connected by intercellular junctions that are found in embryonic tissues or in pathologies such as tumors [START_REF] Khalilgharibi | The dynamic mechanical properties of cellularised aggregates[END_REF]. These different types of biological aggregates exhibit emergent collective mechanical behavior, whose origin is a combination of the mechanical properties of the subunits and their interactions. Both the properties and the interactions of the subunits rely on active, energy-consuming processes. The remarkable properties of living systems, such as versatility, self-healing, self-replicating, and richness of collective properties and behaviors, have drawn the attention of researchers from different fields to understanding the processes that lead to these properties and to engineering synthetic active materials with similar functionalities. These emergent properties and dynamics observed in living systems cannot be understood in the statistical equilibrium framework. The development of new Introduction models that capture the non-equilibrium dynamics of active matter has thus become a major challenge in physics.

Physical investigation of emergent structures and collective mechanical properties of biological aggregates often relies on analogies with model systems in soft matter, such as colloids [START_REF] Gonzalez-Rodriguez | Soft matter models of developing tissues and tumors[END_REF][START_REF] Zeravcic | Colloquium: Toward living matter with colloidal particles[END_REF]. A number of synthetic experimental systems operating in a non-equilibrium state and mimicking biological systems have been proposed and studied. Colloidal systems that harvest energy from their environment or from an internal reservoir and release it to their environment are the most commonly studied experimentally, because they are easy to control and track. They can be driven and kept in a dissipative, out-of-equilibrium state, by a continuous supply of mechanical forces, chemical fuel, light, or electric or magnetic fields.

In recent years, many experimental, theoretical and numerical studies [START_REF] Bechinger | Active particles in complex and crowded environments[END_REF] have shed light on certain physical phenomena in active systems, such as phase transitions, selfassembly, swarming, flocking, and phase separation. An example is the pioneering theoretical and numerical work of Vicsek, in which he attempted to explain the flocking behavior of birds using simple physical rules [START_REF] Vicsek | Novel type of phase transition in a system of self-driven particles[END_REF]. Other models that capture remarkable behaviors of biological and synthetic active systems that exhibit different modes of activity, subunit shapes, environments, and confinement, have been developed [START_REF] Toner | Long-range order in a two-dimensional dynamical XY model: how birds fly together[END_REF][START_REF] Toner | Flocks, herds, and schools: a quantitative theory of flocking[END_REF][START_REF] Toner | Hydrodynamics and phases of flocks[END_REF][START_REF] Ramaswamy | The mechanics and statistics of active matter[END_REF][START_REF] Marchetti | Hydrodynamics of soft active matter[END_REF][START_REF] Grosberg | Nonequilibrium statistical mechanics of mixtures of particles in contact with different thermostats[END_REF]. These model systems provide a better understanding of the emergent behavior exhibited by many active matter systems and allow distinguishing behaviors that are purely physical phenomena from those that require specific biological stimuli.

The most widely studied type of active colloids are particles with active directional propulsion, where the swimming direction is randomized by rotational diffusion (the socalled Active Brownian Particles) or by tumbling events (Run-and-Tumble Particles) [START_REF] Solon | Active Brownian particles and run-andtumble particles: a comparative study[END_REF]. These models were originally developed to represent bacterial swimming, and they can be applied to other realms of active matter, such as molecular motors [START_REF] Touya | Relation between cooperative molecular motors and active Brownian particles[END_REF] or synthetic Janus colloids [START_REF] Ginot | Sedimentation of self-propelled Janus colloids: polarization and pressure[END_REF]. A less studied type of active colloids are those whose self-motility is enhanced diffusion rather than directional propulsion, such as vibrated granular media [START_REF] Melby | The dynamics of thin vibrated granular layers[END_REF] and chromatine [START_REF] Agrawal | Chromatin as active matter[END_REF]. The two types of active motility, directional or non-directional, have been termed "vectorial" or "scalar" activity, respectively [START_REF] Grosberg | Nonequilibrium statistical mechanics of mixtures of particles in contact with different thermostats[END_REF]. To date, studies of systems that are driven far from equilibrium by scalar activity are lacking, especially systems that consist of a mixture of active and passive colloids. Heterogeneity is another ingredient that leads to complex self-assembled structures, such as those formed by combining particles of different nature [START_REF] Erb | Magnetic assembly of colloidal superstructures with multipole symmetry[END_REF][START_REF] Khalil | Binary colloidal structures assembled through Ising interactions[END_REF][START_REF] Harraq | Magnetic field-driven assembly and reconfiguration of multicomponent supraparticles[END_REF], multipolar particles [START_REF] Bharti | Multidirectional colloidal assembly in concurrent electric and magnetic fields[END_REF], particle size distributions [START_REF] Bannwarth | Colloidal polymers with controlled sequence and branching constructed from magnetic field assembled nanoparticles[END_REF], or surface functionalization [START_REF] Michele | Multistep kinetic self-assembly of DNA-coated colloids[END_REF].

In this thesis, we focus on systems of colloids that are driven out of equilibrium by scalar activity. We study two different binary systems as models for certain living systems that perform non-directional motion, such as may be observed for cells in certain biological tissues. The first is an experimental system of superparmagnetic colloids. These colloidal particles are activated and tuned by a time-dependent external magnetic field to form, under certain conditions, dissipative non-equilibrium self-assembled clusters that exhibit dynamics and viscoelastic behavior reminiscent of those seen in cellular aggregates. The second model system, studied by numerical simulations, consists of a mixture of active and passive particles maintained at different temperatures (as defined by the average kinetic energy of the species).

Here, the temperature difference between the active and passive species reflects the activity of the system. Using a two-temperature description [START_REF] Grosberg | Nonequilibrium statistical mechanics of mixtures of particles in contact with different thermostats[END_REF] and Molecular Dynamics simulations, we first study the phase transitions, segregation, and thermomechanical properties of a binary mixture of active and passive particles. Second, we extend this study to the case of a binary system with interfaces. This system contains a planar interface separating a gaseous and a liquid phase that coexist in equilibrium. In the following of this chapter, we present the structure of this manuscript and some features of the model systems, already mentioned above, that are studied in this thesis.

In Chapter 2, we introduce the fundamental physical and computational concepts used in this thesis, as well as the state of the art. The remaining of the manuscript is divided into two parts: In the first part, we investigate experimentally and theoretically the rotational dynamics of self-assembled clusters under an in-plane rotating magnetic field. In Chapter 3, we present our experimental setup and describe the methods and our theoretical models used in this study. In Chapter 4, we present our main results on the rotation dynamics of homogeneous and binary paramagnetic clusters and compare them with our theoretical predictions.

Paramagnetic colloidal clusters self-assemble under an in-plane, rapidly rotating magnetic field. Self-assembly is driven by the combination of time-averaged attractive dipolar interactions and short-range repulsive interactions. As a result of dissipative elastic shear waves traveling around the cluster, which are driven by an anisotropic line tension of magnetic origin, isotropic clusters rotate following the rotation of the field, albeit at a lower frequency. Based on the work of Tierno et al. [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF], we have developed a theoretical model that predicts the dependence of cluster rotation on the applied magnetic field and particle characteristics. We then extend this study to the case of binary clusters that self-assemble from a binary mixture of paramagnetic particles of two different sizes and magnetic susceptibilities under an external rotating field. We quantify the rotation dynamics of these binary clusters, which we successfully explain by generalizing our earlier theoretical model for homogenous clusters. We then characterize the internal structure of the cluster and its evolution over time. Notably, we present a method to compute the radial distribution function of particle positions from experimental data obtained from a collection of finite clusters of different sizes. We show Introduction that the two types of particles segregate over time, analogous to segregation between two immiscible liquids. We also investigate the potential effect of this structural evolution on the rotation dynamics.

In the second part of this manuscript, we present our numerical study using Molecular Dynamics simulations to investigate binary scalar active and passive colloidal systems that are driven out-of-equilibrium by imposing two temperatures, as described in Grosberg and Joanny's effective temperature approach [START_REF] Grosberg | Nonequilibrium statistical mechanics of mixtures of particles in contact with different thermostats[END_REF]. In Chapter 5, we describe our two-temperature model and simulation techniques to simulate a binary system of active and passive colloids, with and without a pre-existing interface. This means that we will have two equilibrium reference systems: The first consists of a uniformly distributed mixture. The second reference system has in its equilibrium state a planar interface separating a gaseous phase of "active" colloids and a liquid phase of "passive" colloids. In Chapter 6, we present the results of the two investigations.

First, we examine the role of activity in the solid-liquid phase transition, in the thermomechanical properties of the mixture, and in the emergence of segregation between active and passive components. Characterizing the solid-liquid transition is important to understand how the introduction of inert particles can rigidify a cellular aggregate. Previous studies investigated the crystallization of a single-component suspension of self-propelled particles [START_REF] Bialké | Crystallization in a dense suspension of self-propelled particles[END_REF] or of self-propelled hard disks [START_REF] Briand | Crystallization of self-propelled hard disks[END_REF][START_REF] Digregorio | Full Phase Diagram of Active Brownian Disks: From Melting to Motility-Induced Phase Separation[END_REF], as well as the role of activity in promoting crystallization in a mixture of active and passive hard spheres [START_REF] Ni | Pushing the glass transition towards random close packing using self-propelled hard spheres[END_REF][START_REF] Ni | Crystallizing hard-sphere glasses by doping with active particles[END_REF]. Here we focus on studying how the colloidal activity modifies the average temperature at melting. We also characterize the dependence of the system's thermomechanical properties, i.e., shear modulus and bulk modulus, on the effective temperature of the components. We also study the segregation induced by differential activity. Segregation in scalar active matter has received less attention compared to vectorial active matter, although segregation mechanisms have also been identified. These are based on the activity-induced short-range [START_REF] Grosberg | Nonequilibrium statistical mechanics of mixtures of particles in contact with different thermostats[END_REF][START_REF] Weber | Binary mixtures of particles with different diffusivities demix[END_REF] and long-range [START_REF] Tanaka | Hot particles attract in a cold bath[END_REF] particle attraction. We then present our results showing the effect of differential activity on the properties of a pre-existing planar gas-liquid interface, in particular the interfacial width and the surface tension. In this non-equilibrium interfacial system, we find that the density profiles behave as expected, however the temperature profiles exhibit surprisingly non-uniform features. To clarify how our two thermostats work, we propose a phenomenological model that explains the nontrivial temperature profiles observed in the simulations.

In the final chapter, Chapter 7, we summarize our main results, highlight novel findings, and provide an outlook on how the fundamental mechanisms discussed here may apply to active, out-of-equilibrium biophysical phenomena. Indeed, understanding organization in colloidal systems may hold a key for mimicking and understanding biological processes.

Chapter 2

Fundamentals and State of the art 2.1 Active particles

Active particles, a type of active matter, are particles capable of harvesting energy from their environment or internal reservoir and converting it into motion. Due to this continuous energy flow, the system is kept out of equilibrium. Active particles are model systems for "living active matter", ranging from microtubules or dense bacterial solutions to schools of fish, herds of animals, flocks of birds, and human crowds. Examples of biological and artificial microswimmers are shown in Fig. 2.1. These nonequilibrium systems exhibit novel features, behaviors, and collective properties that are not achievable in thermal equilibrium. Such features and behaviors cannot be explained and understood within the framework of equilibrium physics. Thus, a key challenge is to develop a framework for understanding the dynamic behavior and properties of active matter. In recent years, the study of active matter systems has got a considerable interest from researchers in various fields, such as physics [START_REF] Ramaswamy | The mechanics and statistics of active matter[END_REF][START_REF] Marchetti | Hydrodynamics of soft active matter[END_REF][START_REF] Gonzalez-Rodriguez | Soft matter models of developing tissues and tumors[END_REF], biology [START_REF] Viswanathan | The Physics of Foraging: An Introduction to Random Searches and Biological Encounters[END_REF], robotics [START_REF] Brambilla | Swarm robotics: a review from the swarm engineering perspective[END_REF], and medicine [START_REF] Wang | Nano/microscale motors: biomedical opportunities and challenges[END_REF], as they are important not only from a fundamental point of view but also for the development of new technologies. For example, understanding cell motility, which plays a fundamental role in many biological processes, can help developing new therapeutic strategies to prevent the spread of metastatic tumor cells. Developing more responsive, efficient, selective, and autonomous devices can be accomplished by using new bioinspired concepts in soft robotics [START_REF] Brambilla | Swarm robotics: a review from the swarm engineering perspective[END_REF]. Non-equilibrium systems exhibit important dynamics at the individual level as well as intriguing collective effects such as swarming, self-assembly, and phase separation.

In this thesis, we are interested in the structural and dynamical properties of binary systems that operate out of equilibrium. These systems are driven out of equilibrium either by local energy conversion by the active species or by the application of a time-dependent external field that generates forces and torques on individual particles. The local energy Fig. 2.1 Examples of living and man-made active particles that are capable of self-propelling. Particle size ranges from nano-to microscopic and particle speed ranges from a few µm s -1 to mm s -1 . Adapted from [START_REF] Bechinger | Active particles in complex and crowded environments[END_REF]. mechanism that generates (or just amplifies) motility of the active particles is generally due to a chemical, thermal, or electrostatic gradient. The self-generation of the local gradient around the individuals requires some kind of asymmetry of shape, functionalization or even material. A well-known example of man-made active particles are synthetic Janus particles, which possess different properties on their two different sides [START_REF] Muller | Janus particles: synthesis, self-assembly, physical properties, and applications[END_REF]. Active particles can also be driven by applying external (time-dependent) magnetic [START_REF] Snezhko | Self-assembled magnetic surface swimmers[END_REF][START_REF] Martinez-Pedrero | Magnetic propulsion of self-assembled colloidal carpets: Efficient cargo transport via a conveyor-belt effect[END_REF][START_REF] Martinez-Pedrero | Colloidal microworms propelling via a cooperative hydrodynamic conveyor belt[END_REF], electric [START_REF] Gangwal | Induced-charge electrophoresis of metallodielectric particles[END_REF], or acoustic [START_REF] Castro | Autonomous motion of metallic microrods propelled by ultrasound[END_REF] fields. Dreyfus et al. [START_REF] Dreyfus | Microscopic artificial swimmers[END_REF], for example, show that semi-flexible rods can behave like biological flagella under a rotating magnetic field.

Particle motility can be enhanced in two different ways: either by enhancing the directional motion of the active particle or by enhancing its diffusivity. These two ways of activity enhancement are usually referred to as "vectorial activity" and "scalar activity", respectively. As we will show in subsection 2.1.2, vectorial activity can also be represented by scalar activity under certain conditions. In this thesis, we focus on systems that are driven out of equilibrium by scalar activity. However, in this chapter we first introduce some phenomenological models of self-propelling active particles that allow us to understand, first, the differences between passive and active particles and, second, the concepts of scalar and vectorial activities.

Phenomenological models

Active Brownian particles

In this subsection, we emphasize the difference between active (self-propelled) Brownian particles and passive Brownian particles. We compare the motion of a single spherical active particle in a homogeneous environment (liquid of viscosity η) with that of a spherical passive particle of the same size. Consistent with the systems later developed in this thesis, we place our description in 2D. The motion of the passive particle in a two-dimensional space is purely diffusive (Brownian motion) and its trajectory at time t is given by the position r r r(t) = (x(t), y(t)) and the orientation e e e(t) = (cos φ (t), sin φ (t)), where φ is the angle of the particle orientation e e e with respect to the x-axis (see Fig. 2.2(a)). The stochastic equations of passive overdamped Brownian particle motion are [START_REF] Bechinger | Active particles in complex and crowded environments[END_REF]:

ṙ r r = 2D T Λ Λ Λ(t) (2.1) φ = 2D R Λ φ (t) (2.2)
where are the translational and rotational diffusion coefficients, respectively. k B , T , η and a are the Boltzmann constant, temperature, fluid viscosity, and particle radius, respectively. The component Λ k (t) represents for each degree of freedom (i.e., k = x, y and φ ) independent white noise stochastic processes with zero mean, and correlation δ (t):

D T = k B T ζ = k B T 6πηa and D R = τ -1 R = k B T ζ R = k B T 8πηa 3 (2.3)
⟨Λ k (t)⟩ = 0 ; ⟨Λ k (t)Λ k (t ′ )⟩ = δ (t -t ′ ) (2.4)
where ⟨• • • ⟩ denotes the ensemble average. For a passive Brownian particle, the translational and rotational motions are decoupled. However, for an active Brownian particle self-propelling at a constant velocity v and randomly changing direction due to rotational diffusion, with a characteristic time scale τ R = D -1 R (also called persistence time), the two motions are coupled and their stochastic differential equations are given by [START_REF] Bechinger | Active particles in complex and crowded environments[END_REF]:

ṙ r r = ve e e + 2D T Λ Λ Λ(t) (2.5) φ = 2D R Λ φ (t) .
(2.6)

The last two equations imply that an active particle moves in its initial direction e e e(0) over a persistent length L = vτ R before changing direction. Therefore, at short time scales, the trajectory of the active particle is characterized by a directed motion, while at long time scales it is randomized by rotational diffusion. Fig. 2.2 shows the trajectories of the active Brownian particle for different self-propelling velocities. At v = 0 µm s -1 the particle undergoes Brownian motion. When v increases, the active particle undergoes a directed motion at short time scales. Linear directed motion of an active particle is the exception rather than the rule. This is the case only when the microswimmer has perfect symmetry around its self-propelling axis. For example, microswimmers such as bacteria and sperm are not perfectly rotationally symmetric around their swimming axis. Their asymmetric shape destabilizes any straight motion and makes them chiral. Teeffelen and Löwen [START_REF] Van Teeffelen | Dynamics of a Brownian circle swimmer[END_REF] have extended the active Brownian particle model to account for the chiral motion of microswimmers. They imposed a constant angular velocity ω to the dynamics of the angle φ (t) to represent an effective constant torque acting uniformly on the particles. The sign of ω determines the circular motion, either clockwise (called levogyre) or counterclockwise (called dextrogyre) [START_REF] Kümmel | Circular motion of asymmetric self-propelling particles[END_REF]. The resulting set of equations describing the motion of a chiral active particle is [START_REF] Bechinger | Active particles in complex and crowded environments[END_REF]:

ṙ r r = ve e e + 2D T Λ Λ Λ(t) (2.7) φ = ω + 2D R Λ φ (t) .
(2.8)

Teeffelen and Löwen [START_REF] Van Teeffelen | Dynamics of a Brownian circle swimmer[END_REF] have found that the analytical expression for the average displacement of the chiral particle follows a logarithmic spiral ("spira mirabilis") rather than a straight line such as for an achiral particle. Ai et al. [START_REF] Ai | Mixing and demixing of binary mixtures of polar chiral active particles[END_REF] have reported that a two-dimensional binary mixture of polar chiral active particles (levogyre and dextrogyre) exhibits interesting phenomena such as mixing, demixing and phase separation. The stationary configuration of this binary system is determined by a competition between chirality difference and polar velocity alignment [START_REF] Ai | Mixing and demixing of binary mixtures of polar chiral active particles[END_REF].

We note that the models presented so far, active Brownian and chiral active Brownian, neglect hydrodynamic effects and inertia. There are other models in the literature that account for these effects [START_REF] Marchetti | Hydrodynamics of soft active matter[END_REF][START_REF] Löwen | Inertial effects of self-propelled particles: From active Brownian to active Langevin motion[END_REF].

Active Langevin particles

Inertial effects are often neglected because, in a liquid, microswimmers typically self-propel at the low Reynolds number regime. However, the dynamics of macroscopic particles or microparticles moving in a gas ("microflyer") are underdamped, i.e., inertial effects become relevant. In such a case, the active Brownian model presented above is extended to an active Langevin model that incorporates inertia [START_REF] Löwen | Inertial effects of self-propelled particles: From active Brownian to active Langevin motion[END_REF]:

m ζ r r r + ṙ r r = ve e e + 2D T Λ Λ Λ(t) (2.9) J ζ R φ + φ = ω + 2D R Λ φ (t) (2.10) 
where m and J are the particle mass and moment of inertia, respectively. Due to the finite moment of inertia and finite mass, the system has additional relaxation time scales: τ = m/ζ , the translational relaxation time upon which the translation velocities relax due to the finite mass m, and τ J = J/ζ R , the orientational relaxation time upon which the angular velocity relaxes due to the finite moment of inertia J.

Reorientation mechanisms

In the models presented so far, active particle reorientation is due to rotational diffusion. This reorientation mechanism is also known as rotational diffusion dynamics. However, there are other reorientation processes in which the active particle undergoes Brownian motion, such as run-and-tumble dynamics and Gaussian noise dynamics. The trajectories of the different Adapted from [8].

reorientation mechanisms are shown in Fig. 2.3. The run-and-tumble dynamics consists of a random walk that alternates straight linear motion with constant velocity and reorientation events with Poisson distribution, called "tumbles". This model was introduced to describe the dynamics of E. coli bacteria [START_REF] Berg | E. coli in Motion[END_REF]. For Gaussian noise dynamics, each velocity component fluctuates as an Onstrien-Uhlenbeck process [START_REF] Uhlenbeck | On the Theory of the Brownian motion[END_REF].

Concepts of effective diffusion coefficient and effective temperature

In the above three reorientation mechanisms, the trajectory of an active particle is dominated in short time scales by directed motion and in long time scales by an enhanced random diffusion resulting from random changes in self-propulsion direction [START_REF] Howse | Self-motile colloidal particles: from directed propulsion to random walk[END_REF]. These considerations can be made more precise by analyzing the particle trajectory of both passive and active particles with different self-propulsion velocities v and calculating their mean square Fundamentals and State of the art displacements (MSD(t)) as a function of time. Figure 2.4 shows the MSD(t) of an active Brownian particle at different velocity values. A (spherical) passive Brownian particle (v = 0) undergoes pure diffusive motion and its MSD(t) is given (in two dimensions) for times significantly longer than the momentum relaxation time τ by:

MSD(t) = 4D T t , (2.11) 
However, for an active Brownian particle, the MSD(t) is given by the following theoretical expression [START_REF] Howse | Self-motile colloidal particles: from directed propulsion to random walk[END_REF][START_REF] Bechinger | Active particles in complex and crowded environments[END_REF]:

MSD(t) = 4D T + 2v 2 τ R t + 2v 2 τ 2 R e -t/τ R -1 .
(2.12)

At very short timescales t ≪ τ R , Eq. (2.12) becomes MSD(t) = 4D T t, so the active particle diffuses similarly to its passive counterpart with diffusion coefficient D T . At slightly longer time scales τ ≈ τ R , MSD(t) ⋍ 4D T t + v 2 t 2 . Thus, the active particle undergoes a ballistic motion. At very short time scales t ≫ τ R , MSD(t) = 4D T + 2v 2 τ R t, the motion of the active particle is again diffusive, but with an enhanced effective diffusion coefficient

D eff = k B T eff ζ = D T + 1 2 v 2 τ R .
In the latter case, one might think that the steady state of the active Brownian system could be considered as an equilibrium state at a higher effective temperature

T eff = ζ D eff k B = T + ζ v 2 τ R 2k B . (2.13)
Considering the active Brownian particle as a "hot particle" at long time scales (so that the particle has enough time to diffuse) is a simple picture that may be correct for some simple cases, such as for a dilute system of noninteracting active particles in a uniform external field [START_REF] Tailleur | Sedimentation, trapping, and rectification of dilute bacteria[END_REF][START_REF] Argun | Non-Boltzmann stationary distributions and nonequilibrium relations in active baths[END_REF]. Grosberg and Joanny [START_REF] Grosberg | Nonequilibrium statistical mechanics of mixtures of particles in contact with different thermostats[END_REF] have discussed the implications of considering a dilute mixture of active and passive particles as "hot colloids". In the dilute limit, the reorientation time of active particles is much lower than the time between collisions. Then the trajectory of an active particle between collisions is that of a random walk characterized by an effective diffusivity (temperature). In this study, which we consider as a fundamental reference for our work, the authors show that in the limit of a small Péclet number (Pe = vτ R /a), the behavior of particles or microswimmers is correctly described by the two-temperature model.

Two-temperature model

In this model, the system of interest consists of two types of particles in contact with two thermostats of different temperatures. This means that the two types of particles are subjected to a random drive with approximate white noise. The two species, one active (in contact with a hot thermostat) and the other passive (in contact with a cold thermostat), interact via a potential energy U. The dynamics of the two particles is described by the overdamped Langevin equation [START_REF] Grosberg | Nonequilibrium statistical mechanics of mixtures of particles in contact with different thermostats[END_REF]:

ṙ r r p = - 1 ζ p ∂ r p U + 2k B T p ζ -1 p Λ Λ Λ p (t) , (2.14) ṙ r r a = - 1 ζ a ∂ r a U + 2k B T a ζ -1 a Λ Λ Λ a (t) , (2.15) 
where ζ k , T k and Λ Λ Λ k (t) (with k = a or p denoted active and passive) are the particle friction coefficient, temperature, and standard zero mean and unit variance Gaussian white noise, respectively. Assuming that the potential U depends only on the distance between the active and passive particles, r = r ar p , the last two equations are combined in the following Langevin equation of variable r:

ṙ r r = - 1 ζ r ∂ r U + 2k B T ζ -1 r Λ Λ Λ r (t) (2.16) 
where

ζ r = ζ p ζ a /(ζ p +ζ a ) is the relevant friction coefficient and T = (ζ p T a +ζ a T p )/(ζ p +ζ a )
is the mobility-weighted temperature, which is dictated by the condition that the noise Λ r (t) is Gaussian white noise with zero mean and unit variance. Despite the fact that the system is not in equilibrium, the authors found that at steady state the distribution of the distance between the two particles, r, is an effective Boltzmann distribution with average temperature T . In [START_REF] Grosberg | Nonequilibrium statistical mechanics of mixtures of particles in contact with different thermostats[END_REF], the authors also report that in the case of identical particles (ζ a = ζ p ) connected to two different thermostats (T a ̸ = T p ), a high temperature ratio (T a /T p ≈ 34) is required to drive the uniformly mixed system to a segregated steady state of different phases enriched by different types of particles.

Mixture of active and passive particles: phase separation and segregation phenomena

An ensemble of active particles, depending on particle density and/or activity, exhibit interesting collective behaviors such as clustering, phase separation, self-jamming and turbulence [START_REF] Bechinger | Active particles in complex and crowded environments[END_REF].

Another interesting situation is a mixture of active and passive particles. Many studies have considered such mixtures, but mostly focus on vectorial activity. Recently, researchers have started using scalar activity models to investigate certain biophysical process. Interactions between scalar active and passive particles also result in interesting collective effects, such Fundamentals and State of the art as phase separation and segregation. As reported in [START_REF] Grosberg | Nonequilibrium statistical mechanics of mixtures of particles in contact with different thermostats[END_REF], a high activity difference phase separate active and passive particles. Such a high activity ratio also has been reported in the study of chromatin separation, which results from the activity difference (T a /T p ≈ 20) of their constituents [START_REF] Ganai | Chromosome positioning from activitybased segregation[END_REF]. The high value of the activity ratio limits the experimental exploration of this phenomenon. However, Smrek and Kremer [START_REF] Smrek | Small activity differences drive phase separation in active-passive polymer mixtures[END_REF] show using simulations that, for a polymer chain of active and passive monomers, the critical activity ratio decreases with polymer length. They report that small values of activity difference drive phase separation in active-passive polymer mixtures . Weber et al. [START_REF] Weber | Binary mixtures of particles with different diffusivities demix[END_REF] investigate a binary mixture of particles where each species is exposed to a different thermostat. They show that the binary mixture exhibits phase separation based on diffusivity for large diffusivity differences. Thus, particles with low diffusivity (passive/cold particles) form a solid-like cluster surrounded by a gaseous phase of the more diffusible particles (active/hot particles). Interestingly, this shows that such segregation and separation dynamics is fundamentally different from that observed in mixtures with active self-propelled particles, the so-called motility-induced phase separation [START_REF] Cates | Motility-induced phase separation[END_REF]. A mixture of repulsive active and passive particles, in which the active particles are self-propelling with a persistent length less than the particle diameter, exhibits separation dynamics similar to the system studied in [START_REF] Weber | Binary mixtures of particles with different diffusivities demix[END_REF]: a solid-like cluster of passive particles surrounded by a gaseous phase of active particles. However, when the persistent length is much higher than the particle diameter, a clustering of active, rather than passive, particles is observed [START_REF] Weber | Binary mixtures of particles with different diffusivities demix[END_REF] and the coexisting dilute and dense phases contain both particle species [START_REF] Stenhammar | Activityinduced phase separation and self-assembly in mixtures of active and passive particles[END_REF]. Systems of active self-propelled particles, either mixed with passive particles or not, phase-separate at very high Péclet numbers (a high persistence length of the active particles) [START_REF] Fily | Athermal phase separation of self-propelled particles with no alignment[END_REF][START_REF] Buttinoni | Dynamical clustering and phase separation in suspensions of self-propelled Colloidal Particles[END_REF][START_REF] Redner | Reentrant phase behavior in active colloids with attraction[END_REF]. Motility-induced phase separation has been observed for active Brownian particles at sufficiently high activity, even when they are interacting with purely repulsive interactions [START_REF] Bialké | Negative interfacial tension in phase-separated active Brownian particles[END_REF][START_REF] Redner | Structure and dynamics of a phase-separating active colloidal fluid[END_REF]. Redner et al. have also shown that a system of self-propelled particles with Lennard-Jones interactions phase-separates at low and high activities, but not at intermediate activities [START_REF] Redner | Reentrant phase behavior in active colloids with attraction[END_REF].

The phases induced by motility are separated by interfaces. We know a lot about interfaces at equilibrium, but not much when the system is at a nonequilibrium state. Therefore, there is considerable interest in investigating the validity of some physical equilibrium concepts, such as surface tension, to describe interfacial out-of-equilibrium systems [START_REF] Paliwal | Non-equilibrium surface tension of the vapour-liquid interface of active Lennard-Jones particles[END_REF]. Under phase-separated conditions and with non-square boxes, a stable bipartite phase with a planar interface aligned with the shorter box edge can be obtained [START_REF] Bialké | Negative interfacial tension in phase-separated active Brownian particles[END_REF] and interfacial properties can be calculated [START_REF] Allen | Computer Simulation of Liquids[END_REF][START_REF] Ismail | Capillary waves at the liquid-vapor interface and the surface tension of water[END_REF][START_REF] Buhn | Structural and dynamical properties of liquid-liquid interfaces: A systematic molecular dynamics study[END_REF]. In our work, we are interested in the interfacial properties of inhomogeneous systems that are driven far from equilibrium due to non-directional ("scalar") activity. For fundamental studies, idealized models can be useful because of their simplicity.

The Lennard-Jones fluid, which we use in the numerical part of this thesis, is one of the most commonly used systems for the study of inhomogeneous systems [START_REF] Trokhymchuk | Computer simulations of liquid/vapor interface in Lennard-Jones fluids: Some questions and answers[END_REF].

Self-assembled magnetic clusters

As we mentioned earlier, particles can be activated and self-propel under the action of external fields. In the experimental part of this thesis, we use a time-varying magnetic field to activate the interaction between the magnetic particles constituting the system, leading to fascinating "living" self-assembled clusters. In the following section, we present the basics of dipolar magnetic interaction and review the state of the art in dynamical assembly of superparamagnetic particles in static and time-varying magnetic fields.

Dipolar interactions

The magnetic force acting on an isolated particle in a fluid and under a magnetic field gradient can be written as a function of the derivative of the applied magnetic field H 0 [START_REF] Cao | Recent advances in manipulation of micro-and nano-objects with magnetic fields at small scales[END_REF]:

F m = µ 0 ((m p -m f ) • ∇)H 0 , (2.17) 
Where µ 0 is the permeability of the vacuum and m p and m f are the magnetic moment of the particle and the surrounding fluid, respectively. For a spherical particle whose magnetization increases linearly with the external field, the equivalent point dipole moment m eq is expressed in terms of χ p and χ f , the susceptibilities of the particle and the surrounding fluid, respectively. m eq is written as follows [START_REF] Cao | Recent advances in manipulation of micro-and nano-objects with magnetic fields at small scales[END_REF]:

m eq = m p -m f = v p 3(χ p -χ f ) [(χ p -χ f ) + 3(χ f + 1)] H 0 , (2.18) 
where v p is the particle volume. Equations 2.17 and 2.18 show that a magnetic field gradient and a difference in magnetic susceptibility between the magnetic particle and the surrounding fluid are required to produce a magnetic force. Thus, both magnetic and nonmagnetic particles can be manipulated by a magnetic field gradient as long as there is a difference in magnetization between the particle and the surrounding fluid (a nonmagnetic particle experiences a near-zero net magnetic force in a nonmagnetic fluid, such as water, and a nonzero magnetic force once in a ferrofluid). The direction of the magnetic force is determined by the sign of the difference between the susceptibility of the particles and the susceptibility of the surrounding fluid. Thus, the magnetic (nonmagnetic) particles with Fundamentals and State of the art χ p > χ f (χ p < χ f ) are driven toward the location where the magnetic field is higher (lower)

to minimize the free energy of the system. The magnetic interparticle force (magnetic dipole-dipole force) can also be used to manipulate particles. A field gradient is generated around each particle, even under a uniform external magnetic field, due to the magnetization difference between the particle and the surrounding medium. The interaction energy between two particles i and j suspended in a fluid can be written as follows [START_REF] Cao | Recent advances in manipulation of micro-and nano-objects with magnetic fields at small scales[END_REF]:

U i j = µ f 4πr 3 i j [(m i • m j ) - 3 r 2 i j (m i • r i j )(m j • r i j )] , (2.19) 
where µ f is the magnetic permeability of the fluid, r i j is the distance between the two particles i and j, m i and m j are the equivalent dipole moment of the particle i and j, respectively. In this thesis, we are interested in the particular case where both particles i and j are magnetic, identical (|m i | = |m j | = m), and suspended in a nonmagnetic fluid (χ p > χ f = 0) (Fig. 2.5). In this case, the magnetic dipole-dipole energy and the force between the two particles are expressed as follows:

U i j = µ 0 m 2 4πr 3 i j (1 -3 cos 2 (θ )) (2.20) 
F i j = -∇U i j = 3µ 0 m 2 4πr 4 i j [(1 -3 cos 2 (θ ))e r + 2 sin(θ ) cos(θ )e θ ] (2.21) m = |v p 3χ p χ p + 3 H 0 | , (2.22) 
where θ is the angle between the unit inter-particle vector and the particles' parallel magnetic moments (m i ∥ m j ∥ H 0 ) (see Fig. 2.5(a)). e r and e θ represent unit vectors in a cylindrical coordinate system. χ = 3χ p χ p +3 is the effective magnetic suceptibility for a spherical particle, where χ p is the susceptibility of the particle's material. The radial force is attractive when 0 • ≤ θ < 54.73 • , repulsive when 54.73 • < θ ≤ 90 • and zero when θ = cos -1 (1/ √ 3) = 54.73 • , which is called the magic-angle (see Fig. 2.5(b-c) for schematic representations of the limiting cases θ = 90 • and θ = 0 • ). The azimuthal component of the force aligns the two adjacent particles with the external applied field.

The magnetic torque, τ m , acting on an isolated particle in a fluid and under a magnetic field can be described as follows [START_REF] Cao | Recent advances in manipulation of micro-and nano-objects with magnetic fields at small scales[END_REF]: A magnetic torque is always present as long as the equivalent magnetic moment, m eq = m pm f , of the particle is not zero. Note that no magnetic field gradient is required to produce a magnetic torque. For magnetic particles suspended in a nonmagnetic fluid, which is the most common case, this torque occurs only when the magnetization of the particles and the applied external field do not align. Magnetic torques can be used to manipulate objects which present either magnetic anisotropy, such as magnetic particles with pinned magnetic moments and Janus particles, or geometric anisotropy, such as ellipsoidal particles, rod-shaped particles, and chains of spherical particles. In the latter case, the magnetic torque which results in the anisotropic magnetization tends to align the long dimension of the anisotropically shaped particles or structures with the applied magnetic field. Once the magnetic dipole and the applied field are collinear, the particle or structure no longer moves under the action of a static gradient-free magnetic field. Therefore, to manipulate such particles continuously via a magnetic torque, dynamic magnetic fields, such as rotating and oscillating magnetic fields, are typically used.

τ m = µ 0 (m p -m f ) × H 0 (2.23)

Magnetic coupling parameter

Order induced by magnetic particle interactions is blurred by thermal fluctuations. The two are compared by the dimensionless coupling parameter [START_REF] Cao | Recent advances in manipulation of micro-and nano-objects with magnetic fields at small scales[END_REF]:

Γ mag = - U i j (r i j = 2a, θ = 0 • ) k B T = µ 0 πa 3 χ 2 H 2 0 9k B T , (2.24) 
where T is the fluid's temperature, U i j (r i j = 2a, θ = 0 • ) is the strongest attractive interaction between two particles. For Γ mag > 1, magnetic interactions dominate and drive the two particles to come together. For Γ mag < 1, thermal fluctuations dominate, preventing particle aggregation. For Γ mag ∼ 1 and with low particle density, pattern formation is not guaranteed. Paramagnetic and superparamagnetic particles are magnetized by the presence of an external magnetic filed. Upon removing the external magnetic field, these types of particle lose their net magnetization, instantaneously for superparamagnetic particles, and any formed pattern is disassembled due to thermal fluctuations. However, ferromagnetic particles maintain their net magnetization even after switching off the magnetic filed. If the residual interactions dominate over thermal fluctuations (Γ mag > 1), ferromagnetic assemblies persist.

Magnetic interactions in a time-varying magnetic field

In the first part of this dissertation, we focus on an experimental system with paramagnetic particles suspended in a nonmagnetic fluid (χ p > χ f = 0) and under a time-varying magnetic filed, specifically a circular rotating magnetic filed. Such field is defined by two sinusoidal fields shifted by a quadratic phase π/2 [START_REF] Cao | Recent advances in manipulation of micro-and nano-objects with magnetic fields at small scales[END_REF]:

H 0 = H 0 (cos(Ωt)e x + sin(Ωt)e y ) , (2.25) 
where Ω is the angular frequency of the applied magnetic field. In the first part of our experimental investigation, we will study the self-assembly dynamics in the presence of a rotating magnetic field. It is well known that the emergent patterns depend on the strength and frequency of the magnetic field. At low frequencies, particles self-assemble in chains that rotate synchronously with the field. Further increasing the frequency leads to 2D clusters due to the effective time-averaged magnetic dipole of the individual particles. To clarify this phenomenon, we consider the simple case of a rotating dimer whose interaction is given by Eq. (2.20). Balancing the magnetic torque by the viscous torque leads to a phase lag angle θ . Above a critical field frequency, the dimer no longer rotates and the θ -dependent term in Eq.

(2.20) can be time-averaged to a constant value of 0.5 [START_REF] Du | Generating an in situ tunable interaction potential for probing 2-D colloidal phase behavior[END_REF]. This makes the magnetic pair potential angle-independent [START_REF] Cao | Recent advances in manipulation of micro-and nano-objects with magnetic fields at small scales[END_REF] U i j = -µ 0 m 2 8πr 3 i j .

(2.26) Therefore, at high frequencies (above the critical value), the in-plane rotating magnetic field produces an isotropic attractive interaction between the particles that depends only on the distance between the pair. Usually, the particles have surface charges (or a polymer coating) that lead to electrostatic (or steric) repulsion. Electrostatic repulsion can be accounted for Fig. 2.6 Illustrative representation of hierarchical colloidal assemblies that can be obtained with superparamagnetic colloids in static and time-varying fields. This review outlines how increased complexity spans from 1D chains to 2D networks and clusters. Adapted from [START_REF] Spatafora-Salazar | Hierarchical assemblies of superparamagnetic colloids in time-varying magnetic fields[END_REF].

using the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF]:

U i j = - µ 0 m 2 8πr 3 i j + Da exp(-κ(r -2a)) (2.27)
where D is a constant (D is a constant that depends on several parameters, see [START_REF] Du | Generating an in situ tunable interaction potential for probing 2-D colloidal phase behavior[END_REF] for its expression) and κ-1 is the Debye length. The combination of the magnetic attraction and the electric repulsion results in a pair potential analogous to the Lennard-Jones potential, where the well-depth and the interparticle spacing can be controlled by the strength of the magnetic field and the ion concentration.

Static and dynamic self-assembly

External magnetic fields provide an easy way to control and tune the self-assembly of magnetic colloids, leading to a variety of structures [START_REF] Gasser | Melting of crystals in two dimensions[END_REF][START_REF] Darras | Ribbons of superparamagnetic colloids in magnetic field[END_REF][START_REF] Messina | Quantitatively mimicking wet colloidal suspensions with dry granular media[END_REF][START_REF] Becu | Resonant reshaping of colloidal clusters on a current carrying wire[END_REF][START_REF] Spiteri | Ordering of sedimenting paramagnetic colloids in a monolayer[END_REF]. Fig. 2.6 shows hierarchical structures that can be formed by self-assembly of superparamagnetic particles under the action of static and time-dependent magnetic fields. These complex self-assembled structures range from chains at low field frequencies to two-dimensional networks and clusters at high frequencies. The pathways to build complex structures from simple spherical particles just by using a static or time-dependent magnetic field are presented in Fig. 2.6 visually.
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Such assemblies exhibit interesting dynamics and properties, especially when they are at a dissipative non-equilibrium state [START_REF] Spatafora-Salazar | Hierarchical assemblies of superparamagnetic colloids in time-varying magnetic fields[END_REF].

Heterogeneity is another ingredient that leads to complex self-assembled structures, such as those formed by combining particles of different natures [START_REF] Erb | Magnetic assembly of colloidal superstructures with multipole symmetry[END_REF][START_REF] Khalil | Binary colloidal structures assembled through Ising interactions[END_REF][START_REF] Harraq | Magnetic field-driven assembly and reconfiguration of multicomponent supraparticles[END_REF], multipolar particles [START_REF] Bharti | Multidirectional colloidal assembly in concurrent electric and magnetic fields[END_REF], particle size distributions [START_REF] Bannwarth | Colloidal polymers with controlled sequence and branching constructed from magnetic field assembled nanoparticles[END_REF], or surface functionalization [START_REF] Michele | Multistep kinetic self-assembly of DNA-coated colloids[END_REF]. The self-assembly of paramagnetic particles under a static magnetic field has been extensively studied for both one-component [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF][START_REF] Tavacoli | The fabrication and directed self-assembly of micron-sized superparamagnetic non-spherical particles[END_REF][START_REF] Reynolds | Deterministic aggregation kinetics of superparamagnetic colloidal particles[END_REF] and two-component systems [START_REF] König | Experimental realization of a model glass former in 2D[END_REF][START_REF] Assoud | Ultrafast quenching of binary colloidal suspensions in an external magnetic field[END_REF]. Recent studies have focused on self-assembly dynamics under time-dependent fields [81-84, 40, 85, 86]. The next step in system complexity is the study of a binary mixture [START_REF] Löwen | Colloidal soft matter under external control[END_REF]. Structural transitions have been investigated in binary mixtures of paramagnetic and diamagnetic colloids under a time-dependent field [START_REF] Ray | Magnetic field controlled composite paramagneticdiamagnetic colloidal phases[END_REF][START_REF] Ray | The transition strength from solid to liquid colloidal dipolar clusters in precessing magnetic fields[END_REF]. However, to the best of our knowledge, the dynamics of magnetic colloidal binary clusters in dissipative nonequilibrium conditions have not yet been investigated. Such a study could provide fundamental insights into the assembly of binary systems in biology and bioengineering, such as particle-bacteria biocomposites [START_REF] Pinck | A rapid and simple protocol to prepare a living biocomposite that mimics electroactive biofilms[END_REF] or hybrid particle-cell aggregates [START_REF] Nagarajan | Inert-living matter, when cells and beads play together[END_REF].

To model two-dimensional strongly interacting classical many-body systems, Maret and coworkers developed a remarkable experimental system where a binary mixture of paramagnetic particles was confined at the liquid-air interface and subjected to a static magnetic field [START_REF] König | Experimental realization of a model glass former in 2D[END_REF]. The ability to tune dipolar interactions through magnetic field intensity, as an effective system temperature, allows the experimental investigation of phase transitions such as melting, freezing, and vitrification. For example, characteristic features of 3D glass formers have been observed experimentally for the first time in this 2D magnetic mixture system [START_REF] König | Experimental realization of a model glass former in 2D[END_REF]. As a result of polydispersity, the system exhibits glassy dynamics and a lack of long-range order. However, local crystalline order exists and gives rise to hexagons of large particles, chains of small particles, simple quadratic and rhombic lattices [START_REF] Ebert | Local crystalline order in a 2D colloidal glass former[END_REF], and five-fold symmetric structures [START_REF] Zhang | Planar magnetic colloidal crystals[END_REF]. The formation of crystallites in ultrafast quenching, which corresponds to a sudden increase of the field intensity, as well as their relaxation pathways, were explored experimentally and compared to Brownian dynamics computer simulations [START_REF] Assoud | Ultrafast quenching of binary colloidal suspensions in an external magnetic field[END_REF][START_REF] Assoud | Heterogeneous crystallization near structured walls in quenched two-dimensional binary colloidal suspensions[END_REF]. Partial clustering, a general phenomenon observed in strongly coupled negatively non-additive mixtures, has also been reported for small magnetic colloids in the same system [START_REF] Hoffmann | Partial clustering in binary two-dimensional colloidal suspensions[END_REF].

Phase transitions in magnetic systems

In a suspension of superparamagnetic particles under a high-frequency rotating magnetic field, various thermodynamic phases are observed under different field strengths, from a disordered phase to an ordered crystalline phase [START_REF] Du | Generating an in situ tunable interaction potential for probing 2-D colloidal phase behavior[END_REF]. A static, vertically applied field can be used to produce a long-range isotropic repulsion between particles. Zhang et al. [START_REF] Zahn | Two-stage melting of paramagnetic colloidal crystals in two dimensions[END_REF], for example, used the latter method to study phase transition from an ordered crystal (but with larger interparticle spacing compared to the compact one resulting from the attractive interactions) to the liquid phase, with an intermediate hexatic phase. This transition phase scenario is found to be in perfect agreement with the KTHNY theory for two-dimensional systems. The ability of tuning this transition through either a static or dynamic magnetic field makes this superparamagnetic colloidal system a perfect model system to gain insight into statistical thermodynamics and nonequilibrium thermodynamics, offering new ways to generate complex phases for functional materials. Therefore, magnetic colloidal systems represent a simple and ideal model system that can be easily tuned to study phenomena related to statistical thermodynamics, such as phase transitions. It can also be used to mimic living systems and explore their properties, such as the rheological properties of cell aggregates.

Rheological properties of magnetic assemblies

The resulting magnetically assembled clusters exhibit unique rheological properties. Since the cluster phase depends on the strength of the magnetic interactions between the particles, the rheological properties of the clusters should also depend on these interactions. It has been shown that the elastic bulk and shear moduli of a colloidal paramagnetic crystallized cluster formed on an air-water interface under the action of a vertical static magnetic field increase linearly with the interaction strength [START_REF] Zahn | Elastic properties of 2D colloidal crystals from video microscopy[END_REF]. For clusters assembled under a high-frequency rotating magnetic field, the transition from a non-close-packed cluster (liquid-like droplet) at low magnetic field strengths to a hexagonal-packed cluster at high magnetic field strengths is observed. Their interfacial stiffness, which includes a curvature term added to the line tension, increases with the strength of the applied magnetic field, which increases the interaction strength between particles [START_REF] Hilou | Interfacial energetics of twodimensional colloidal clusters generated with a tunable anharmonic interaction potential[END_REF]. At high field frequencies, the cluster edge plays a key role in the rotation of self-assembled clusters. Tierno et al. [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF] showed that rotating viscoelastic clusters of paramagnetic colloids are formed when the magnetic field precesses above the magic angle. The rotation of these clusters has been explained by the shear waves that arise due to an effective line tension of magnetic origin and found to be coupled to the radial deformation of the viscoelastic clusters. The authors reported that for field frequencies above 1 kHz, the hexagonal clusters rotate with a frequency proportional to the precession frequency of the magnetic field (see Fig. 2.7). Through this theoretical model, measuring the rotation of clusters provides information about their viscoelastic properties. The authors found that the 2D viscosity of an hexagonal cluster (as the one shown in Fig. 2.7) is of the order of 10 -11 N s m -1 . In a numerical study, Jäger et al. [START_REF] Jäger | Dynamics of cluster formation in driven magnetic colloids dispersed on a monolayer[END_REF] showed that cluster rotation can also arise from hydrodynamic effects caused by the rotation of individual particles. The driven rotating particles pull the solvent with them and generate a local flow field. The generated local flow field leads to a translational motion of the particles around the cluster center. Yan et al. [START_REF] Yan | Rotating crystals of magnetic Janus colloids[END_REF] found that monodispersed magnetic Janus particles self-assemble into crystals in the presence of an in-plane rotating magnetic field due to the attraction between the particles. In this experimental study, the authors also found that the cluster rotation is caused by an effective shear force resulting from the flow generated by the rapid rotation of the individual particles forming the cluster. The relevant force is exerted at the edge of the cluster as the internal forces vanish by symmetry. In a continuum approximation, the unbalanced shear torque resulting from the rotation of individual particles scales as R 2 , while the viscous torque of the rotating cluster scales as ΩR 4 . A balance of these two torques indicates that the frequency of the rotating cluster Ω scales as R -2 , which is in good agreement with their experimental data (see Fig. 2.8). The authors confirm the predicted phase transition from the liquid-like state, where the Janus directors have a random orientation and the rotation of the individual particles does not follow the field, to a hexagonal crystal above a threshold field strength. In the crystalline state, the particles rotate synchronously with the applied field and their Janus directors point vertically upward, while the entire crystalline cluster (disk) rotates slowly. This structural transition is dictated by a dynamic transition on a single Janus particle from synchronous to asynchronous rotation.

In summary, different rotation mechanisms for self-assembled superparamagnetic clusters have been proposed. In the experimental part of this thesis, we study a superparamagnetic 2 , where R is the size of the crystal piece and d = 1.6 mm is the particle diameter to achieve the large crystal size. The red line is a linear fit. Adapted from [START_REF] Yan | Rotating crystals of magnetic Janus colloids[END_REF].

colloidal system similar to the one studied by Tierno et al. [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF]. Our results show that the rotational mechanism proposed in [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF] remains valid, but their model is not directly applicable to our experiments, since it fails in predicting all the dependencies on the particle and the magnetic field characteristics. Therefore, we propose an improved version of the model and also extend it to the case of rotating binary superparamagnetic clusters. This is discussed in detail in Chapters 3 and 4.

Molecular Dynamics Simulation

Molecular Dynamics (MD) simulation is a technique for calculating the structural and dynamical properties of a classical many-body system. It generates the microscopic information of the system under study, such as the positions and velocities of the particles. Using statistical mechanics, these microscopic information is used to determine the macroscopic properties of the system. The motion of the system particles obeys the laws of classical mechanics. Here we briefly introduce the equations of motion in a 3D (or 2D) space of a system of N particles interacting with the pair potential u.

The forces imposed on particles are derived from the potential energy so that the total energy is conserved. The motion of the particles can be described using the Lagrangian equation. For a set of particle positions, q k (t), and velocities, qk (t), of all particles the Lagrangian equation is [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

d dt (∂ L /∂ qk ) -(∂ L /∂ q k ) = 0, k = 1, • • • 3N (2.28)
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The Lagrangian function L ({ qk , q k })

L = K -V (2.29)
with kinetic energy term K = (1/2) ∑ 3N k=1 m q2 k and potential energy term V which is defined as:

V = (1/2) N ∑ i=1 ∑ j̸ =i u r i j = N-1 ∑ i=1 ∑ j>i u r i j (2.30)
where we have, for

d = 3,⃗ r i = (x i , y i , z i ), x i = q 3i-2 , y i = q 3i-1 , z i = q 3i .
The force on particle i is [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

⃗ F i = -⃗ ∇ ⃗ r i V . (2.31)
The force exerted by atom j on atom i is

⃗ f i j = -⃗ ∇ ⃗ r i u r i j . Thus, ⃗ F i = ∑ j̸ =i ⃗ f i j = -∑ j̸ =i ⃗ ∇ ⃗ r i u r i j .
According to Newton's third law, ⃗ f ji = -⃗ f i j . This means that each pair of forces must be calculated only once. If we take u as the Lennard-Jones potential:

u = 4ε σ r i j 12 - σ r i j 6 , (2.32) 
where σ and ε are the particle diameter and the potential well depth, respectively. r i j = ||⃗ r i j || = ||⃗ r i -⃗ r j || is the center-to-center distance between particles i and j. Then the pair force is

⃗ f i j,LJ = 48ε σ 2 σ r i j 14 - 1 2 σ r i j 8 ⃗ r i j . (2.33)
The equation of motion for each particle i is

m ⃗ r i = ⃗ F i = ∑ j̸ =i ⃗ f i j , (2.34) 
where the sum extends over all particles except particle i itself, and m is the mass of the particle. Usually, the N equations of motion can only be solved numerically because the force acting on particle i depends not only on its position⃗ r i , but also on the positions of other particles⃗ r j̸ =i , in a nonlinear way. An integrator with a finite time step δt is used to determine the trajectory of the system in the phase space during a given time.

Integration Schemes

There are many time integration algorithms to generate the MD trajectory. The best known are the Gear predictor-corrector algorithm and the Verlet algorithm. The latter has many variants, the most popular one is "velocity Verlet" algorithm, which stores positions, velocities and accelerations at the same time t. This algorithm proceeds as follows: First, from the positions, velocities, and forces (accelerations) of the particles at time t, we compute the new positions at time t + δt and mid-step velocities, at time t + δt/2. Second, we calculate the accelerations at time t + δt, ⃗ a i (t + δt) = ⃗ F i (t + δt)/m, using the new positions {⃗ r i (t + δt)}.

Third, velocities at t + δt are calculated from the mid-step velocity ⃗ v i (t + δt/2) and the acceleration at t + δt, ⃗ a i (t + δt) [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

⃗ r i (t + δt) =⃗ r i (t) +⃗ v i (t)δt +⃗ a i (t)δt 2 /2 (2.35a) ⃗ v i (t + δt/2) =⃗ v i (t) +⃗ a i (t)δt/2 (2.35b) ⃗ v i (t + δt) =⃗ v i (t + δt/2) +⃗ a i (t + δt)δt/2 (2.35c)
The above equations represent one step of the velocity Verlet algorithm. The simplicity of the "velocity Verlet" version and its numerical stability make it the most attractive method proposed to date. The second class of integrators are the Gear predictor-corrector schemes. Some of these schemes are higher-order algorithms (compared to the Verlet algorithm), which means that they employ a higher-order of position time derivatives. Sometimes it is convenient to use higher-order algorithms since they allow the use of longer timesteps without loss of short time accuracy. Energy conservation is generally satisfied for higherorder algorithms for short times, while undesirable energy drifts often appear for long times. However, Verlet-type algorithms show satisfactory energy conservation for short times and tiny energy drift for long times. In addition, high-order algorithms require more memory storage compared to Verlet algorithms. A more detailed discussion of the difference between the two types of algorithms can be found elsewhere [START_REF] Allen | Computer Simulation of Liquids[END_REF][START_REF] Frenkel | Understanding Molecular Simulation: From Algorithms to Applications[END_REF]. In what follows, we introduce the most popular class of higher-order algorithms used in Molecular Dynamics simulations, the Gear predictor-corrector algorithm. It proceeds in two steps: A prediction step and a correction step. Assuming that the positions and velocities of the particles at time t are known, the accelerations ⃗ a i (t) = ⃗ F i /m are also known. Suppose we also have a numerical estimate of ⃗ b i (t) and ⃗ c i (t), the third and fourth time derivatives of⃗ r i at time t. For the algorithm to predict and correct the fifth-value predictor-corrector algorithm, at time t + δt the predicted positions and velocities, accelerations, and fourth time derivatives of⃗ r i are given by a simple
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Taylor expansion:

⃗ r p i (t + δt) =⃗ r i (t) +⃗ v i (t)δt +⃗ a i (t)δt 2 /2 + ⃗ b i (t)δt 3 /3! +⃗ c i (t)δt 4 /4! (2.36a) ⃗ v p i (t + δt) =⃗ v i (t) +⃗ a i (t)δt + ⃗ b i (t)δt 2 /2 +⃗ c i (t)δt 3 /3! (2.36b) ⃗ a p i (t + δt) = ⃗ a i (t) + ⃗ b i (t)δt +⃗ c i (t)δt 2 /2 (2.36c) ⃗ b p i (t + δt) = ⃗ b i (t) +⃗ c i (t)δt . (2.36d)
The second step is the correction step. We calculate the accelerations ⃗ a i (t + δt) from the new predicted positions ⃗ r p i (t + δt) , then the difference ∆⃗ a i = ⃗ a i (t + δt) -⃗ a i (t). This gives the corrected quantities:

⃗ r c i (t + δt) =⃗ r p i (t + δt) + G 0 ∆⃗ a i δt 2 /2 (2.37a) ⃗ v c i (t + δt) =⃗ v p i (t + δt) + G 1 ∆⃗ a i δt/2 (2.37b) ⃗ b c i (t + δt) = ⃗ b p i (t + δt) + G 3 ∆⃗ a i (3/δt) (2.37c) ⃗ c c i (t + δt) =⃗ c p i (t + δt) + G 4 ∆⃗ a i 12/δt 2 , (2.37d) 
where, according to Gear [START_REF] Gear | The numerical integration of ordinary differential equations[END_REF], for this fifth-order predictor-corrector algorithm, the values

G 0 = 19/120, G 1 = 3/4, G 3 = 1/2 and G 4 = 1/12
give an optimal compromise between the accuracy and the stability of the algorithm. The corrected quantities are the starting point of the next MD step.

A comparison of the two methods has been made in [START_REF] Allen | Computer Simulation of Liquids[END_REF]. There it is shown that when the forces depend only on the positions (not on the velocities), as in our systems, the velocity-Verlet method may be preferred because it preserves the total energy better for relatively large δt . Moreover, the velocity-Verlet method is easy to implement. Regardless of the integrator, our goal is to collect the statistical information of the system and extract macroscopic properties. The results will depend on the ensemble used. In the next subsection, we give some information about statistical ensembles that are relevant to our work.

Common statistical ensembles

Statistical physics is used to study the thermodynamics of model materials. From the microscopic motion of the particles composing the systems, it provides the relevant macroscopic properties. In the macroscopic world, the state of the system is characterized by some macroscopic quantities such as temperature, density and pressure. In the microscopic realm, classical statistical physics considers mechanical systems containing a very large number of particles whose motions conform to Newton's laws.

In statistical physics, ensembles are considered as a large set of individual systems that have the same macroscopic properties and structures under certain common macroscopic conditions. In our simulations, we often encounter several ensembles, including the microcanonical ensemble, the canonical ensemble, the isothermal-isobaric ensemble, and the isoenthalpic-isobaric ensemble. In each of these ensembles, some thermodynamic properties are specified, i.e., they are kept constant at a specific value throughout the MD run. Other thermodynamic quantities, however, are determined through ensemble averaging.

Microcanonical ensemble

For the microcanonical ensemble, also called the NVE ensemble, the number of particles in the system N, the volume V , and the total energy E of the system are fixed at specific values. This is the natural ensemble for a standard MD simulation. The probability density for this ensemble is proportional to

δ (H (Γ) -E) , (2.38) 
where Γ represents a set of particle positions and momenta (a point in phase space (r, p)) and H (Γ) is the Hamiltonian of the system. The function describes the probability density of obtaining specific states of a N-particle system in a space of volume V having the desired energy E. The microcanonical partition function is

Q NV E = ∑ Γ δ (H (Γ) -E) . (2.39)
For a classical N-particle continuous system, the quasi-classical form of Q NV E is

Q NV E = 1 N! 1 h 3N d N r d N pδ (H (r, p) -E) , (2.40) 
where h is the Planck constant. The corresponding thermodynamic potential is the opposite of the entropy:

-S = -k B ln Q NV E . (2.41)
If we are able to calculate Q NV E in the MD simulations and then obtain the system entropy, we can access the useful thermodynamic properties of our systems [START_REF] Allen | Computer Simulation of Liquids[END_REF] such as temperature 1/T = ∂ S/ ∂ E| V and pressure P/T = ∂ S/ ∂V | E . However, in a MD simulation we do not compute the partition function Q NV E because we cannot possibly cover the phase space sufficiently in our runs. Thus, the entropy S is not calculated. However, many thermodynamic quantities can be determined by simply averaging their microscopic expressions during the run.
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In the microcanonical ensemble, N, V and E are fixed during the MD run. Usually, we start a simulation with an initial configuration consisting of the initial positions and initial velocities of the particles. Usually, the initial velocities of the particles are set according to a target temperature T 0 using the Maxwell-Boltzmann distribution. The initial positions do not correspond to the equilibrium state. However, they respect the prescribed total energy, E = E 0 . During the equilibration run, the system evolves to the equilibrium state, corresponding to a maximum entropy, of a given energy and density (E, ρ). During equilibration, there is an exchange between the kinetic and potential energy. Consequently, the equilibrium temperature will differ from the target temperature T 0 . This is a well-known difficulty of the standard MD simulation. Andersen [START_REF] Andersen | Molecular dynamics simulations at constant pressure and/or temperature[END_REF] has proposed a method to overcome this difficulty by periodically rescaling the velocities during the run to obtain an equilibrium configuration that matches the prescribed temperature. This means that we run a form of NVT MD for the equilibrium phase. We then perform NVE runs to evaluate the properties of the system.

Canonical ensemble

For the canonical ensemble, the number of particles, the volume and the temperature (instead of the total energy) of the system are fixed. In this case the probability density is proportional to exp (-

H (Γ)/k B T ) , (2.42) 
and the partition function is given by

Q NV T = ∑ Γ exp (-H (Γ)/k B T ) , (2.43) 
or in quasi-classical form

Q NV T = 1 N! 1 h 3N d N r d N p exp (-H (Γ)/k B T) , (2.44) 
in the case of an N-particle continuous system. The appropriate thermodynamic potential is the Helmholtz free energy,

F = -k B T ln Q NV T . (2.45)
Although the standard MD simulations are performed in the NVE ensemble, nowadays it is common practice to perform them in the NVT ensemble. This can be done in a number of ways. Some of them are stochastic (e.g., the Andersen method [START_REF] Andersen | Molecular dynamics simulations at constant pressure and/or temperature[END_REF][START_REF] Allen | Computer Simulation of Liquids[END_REF]), others are deterministic (e.g., the Nosé-Hoover method [START_REF] Allen | Computer Simulation of Liquids[END_REF]). Since we perform some of our simulations using the Nosé-Hoover method, we will briefly discuss it below. In this method, the physical picture is that the system is in contact with a thermal reservoir. An additional degree of freedom, introduced to represent the thermal reservoir, is expressed as s and its conjugate momentum is p s . Energy is allowed to flow between the system and the reservoir. An additional potential energy is associated with s as follows

V s = ( f + 1)k B T ln s , (2.46) 
where f is the number of degrees of freedom and T is the specified temperature. The relevant kinetic energy is

K s = 1 2 Q ṡ2 = p 2 s /2Q . (2.47)
Here Q is the thermal inertia parameter, which controls the rate of temperature fluctuations. The Lagrangian of the system is given by

L s = K + K s -V -V s . (2.48)
The equations of motion for the system can be derived/

r = f ms 2 - 2 ṡṙ s (2.49a) Q s = ∑ i mṙ 2 i s - 1 s ( f + 1)k B T. (2.49b)
The Hamiltonian for the extended system,

H s = K + K s + V + V s , (2.50) 
is conserved and its density function is microcanonical [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

ρ NV E s (r, p, s, p s ) = δ (H s -E s ) d N r d N p ds dp s δ (H s -E s ) . (2.51)
This NVT scheme is used in our simulations. The effective reservoir mass Q is an adjustable damping parameter. A too high value leads to a slowdown of the energy flow between the system and the reservoir. On the other hand, a too low value leads to weakly damping energy oscillations, resulting in poor equilibration. Error and trial may be necessary to select an appropriate value of Q for the system under study.
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Isothermal-isobaric ensemble

For the isothermal-isobaric ensemble (NPT ensemble), we fix the number of particles, the temperature, and the pressure of the system, while the volume of the system varies. Therefore, the state point Γ is now also described by the volume of the system V , in addition to the particle positions and momenta. For the NPT ensemble, the probability density is proportional to [START_REF] Allen | Computer Simulation of Liquids[END_REF] exp

(-(H + PV )/k B T ) . (2.52)
The partition function is

Q NPT = ∑ Γ ∑ V exp (-(H + PV )/k B T ) = ∑ V exp (-PV /k B T ) Q NV T . (2.53)
The expression for an N-particle system is

Q NPT = 1 N! 1 h 3N 1 V 0 dV d N r d N p exp (-(H + PV)/k B T) , (2.54) 
where V 0 is a volume scale which must be chosen to render Q NPT dimensionless. This choice is not fundamentally important [START_REF] Allen | Computer Simulation of Liquids[END_REF]. Moreover, we do not actually compute the partition function. The appropriate thermodynamic potential is the Gibbs free energy G:

G = -k B T ln Q NPT . (2.55)
Once again, we do not actually calculate G in our simulations. But we do calculate the averages and the fluctuations of the physical quantities.

To perform MD simulations at fixed pressure P, we use extended system methods. Andersen [START_REF] Andersen | Molecular dynamics simulations at constant pressure and/or temperature[END_REF] proposed coupling the system to an external variable V , which is the volume of the simulation box. The coupling imitates the function of a piston in a real system. The piston has a 'mass' Q and its kinetic energy is given by

K V = 1 2 Q V 2 .
(2.56)

The additional potential energy for the system is

V V = PV , (2.57) 
where P is the prescribed pressure. Using the scaled variables r =

V 1 3 s and v = V 1 3 ṡ
, the kinetic energy and potential energy related to the particles of the system are

V = V V 1 3 s (2.58) K = 1 2 m ∑ i v 2 i = 1 2 mV 2 3 ∑ i ṡ2 i . (2.59)
The equations of motion for the system are derived from the Lagrangian of the system,

L V = K + K V -V -V V , (2.60) 
and they are:

s = f mV 1 3 - 2 ṡ V 3V (2.61a) V = P -P Q . ( 2.61b) 
Here f and P are the force and the virial pressure, respectively. They are calculated using unscaled coordinates and momenta. For the system, the Hamiltonian

H V = K + K V + V + V V (2.62)
is conserved. It is equal to the enthalpy of the system plus an additional factor associated to the kinetic energy of the V fluctuations [START_REF] Allen | Computer Simulation of Liquids[END_REF]. This actually corresponds to the dynamics of an NPH ensemble (H = E + PV is the enthalpy). Here again, the piston mass is an adjustable parameter. A low value of Q leads to a fast fluctuation of the box size, a high value slows down the exploration of the volume space, and an infinite value restores normal molecular dynamics. To perform NPT runs, this scheme is coupled to the constant temperature Nosé-Hoover scheme shown earlier. This is the NPT-MD we use in our work, within LAMMPS [START_REF] Plimpton | Fast parallel algorithms for short-range molecular dynamics[END_REF], where a reformulated version of the Andersen method is used [START_REF] Martyna | Constant pressure molecular dynamics algorithms[END_REF].

Isoenthalpic-isobaric ensemble

In the isoenthalpic-isobaric (NPH) ensemble, the number of particles N, the pressure P and the enthalpy H are the independent fixed variables. For the NPH ensemble, the system is coupled to an external piston and conserves enthalpy and pressure rather than total energy and volume for the microcanonical ensemble. As explained in [START_REF] Andersen | Molecular dynamics simulations at constant pressure and/or temperature[END_REF], we go from the NVE ensemble to the NPH ensemble by adding the volume V as a new variable, whose dynamics are described in the previous subsection. We also invite the reader to check the recent paper of Ströker et al. [START_REF] Ströker | Rigorous expressions for thermodynamic properties in the NPH ensemble[END_REF] where they present rigorous expressions for computing thermodynamic properties in the NPH ensemble.

Langevin dynamics with finite timestep

In the microcanonical and the isoenthalpic-isobaric ensembles the temperature of the system is not controlled. However, coupling these ensembles with a thermostat is an alternative thermostatting approach to fix the system's temperature. In this work we have coupled the NPH and NVE ensembles to a Langevin thermostat. The latter mimics the coupling of the system to a thermal bath. However, this approach modifies the equations of motion by introducing a stochastic term and a deterministic frictional term. The strength of these terms, and the prescribed temperature, are connected by the fluctuation-dissipation theorem.

The Langevin equation is a stochastic differential equation, describing the Brownian motion of particles in a solvent. The essential physical idea behind the derivation is "time scale separation": the variables that are retained are assumed to vary much more slowly than those that are represented by stochastic terms [START_REF] Allen | Computer Simulation of Liquids[END_REF]. The Langevin equation for each particle i of N-particle system is given by [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

⃗ r i =⃗ v i = ⃗ p i m (2.63a) ⃗ p i = ⃗ f i -ζ⃗ v i + σ R ⃗ w i = ⃗ f i - 1 τ ⃗ p i + σ R ⃗ w i .
(2.63b)

The three terms on the right-hand side of Eq. (2.63b) correspond to the effects of the systematic force of interaction with other particles, the deterministic "frictional force" due to the solvent , and the so-called "random force", respectively. The latter term corresponds to the stochastic element of the equation and is represented by the time derivative of a Wiener process ⃗ w [START_REF] Allen | Computer Simulation of Liquids[END_REF]. The strength of this term, σ R , and the friction coefficient, ζ , are related by the fluctuation-dissipation theorem [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

σ R = 2ζ k B T = 2mτ -1 k B T .
(2.64)

The time correlation function of ⃗ w i is proportional to a Dirac delta function ⟨ ẇiα (0) ẇiα (t)⟩ ∝ δ (t) (i = 1...N, α = x, y, z). This is consistent with the picture of rapid and random buffeting of a particle by the surrounding solvent. The change in the Wiener process over a differential small time interval dt is a normal distribution with variance equal to dt. Thus dw = √ dtG where G is a Gaussian random variable with zero mean, ⟨G iα ⟩ = 0, and unit variance,

⟨G iα G iβ ⟩ = δ αβ δ i j .
The following form of Eq. (2.63b),

d⃗ p i = ⃗ f i dt - 1 τ ⃗ p i dt + σ R √ dtG i , (2.65) 
has the following solution when it is force-free ( ⃗ f = 0) [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

⃗ v i (t + δt) = exp(-δt/τ)⃗ v i (t) + 1 -exp(-2δt/τ) k B T /m G i (2.66)
This allows the construction of an integration algorithm similar to the velocity Verlet algorithm. This algorithm involves the solution of the force-free momentum equation in the middle of the usual 'kick-drift-kick' sequence of the velocity Verlet algorithm.

⃗ v i (t + δt/2) =⃗ v i (t) +⃗ a i (t)δt/2 (2.67a) ⃗ r i (t + δt/2) =⃗ r i (t) +⃗ v i (t + δt/2)δt/2 (2.67b) ⃗ v ′ i (t + δt/2) = exp(-δt/τ)⃗ v i (t + δt/2) + 1 -exp(-2δt/τ) k B T /m G i (2.67c) ⃗ r i (t + δt) =⃗ r i (t + δt/2) +⃗ v ′ i (t + δt/2)δt/2 (2.67d) ⃗ v i (t + δt) =⃗ v ′ i (t + δt/2) +⃗ a i (t + δt)δt/2 . (2.67e) 
Here, Eq. (2.67a) and Eq. (2.67e) are the (standard) half-step kicks. Eq. (2.67b) and Eq.

(2.67d) are the usual drift equations, but for half a step at a time. The frictional and random force terms together appear in the middle step Eq. (2.67c). This algorithm generates a fixed T system and stable Langevin dynamics [START_REF] Allen | Computer Simulation of Liquids[END_REF].

The Langevin thermostat can be very effective in thermostatting when the damping parameter τ is carefully chosen. Conducting some preliminary tests is necessary for monitoring dynamical properties and assess the effect of the thermostat.

Thermodynamic averages and fluctuations

Our simulations lead us to calculate various physical quantities. Some are simple averages, others are the fluctuations of relevant quantities related to the response functions of our systems. As explained in [START_REF] Allen | Computer Simulation of Liquids[END_REF], for the same thermodynamic state, simple averages are independent of the ensemble used, while the fluctuations depend on the ensemble. For example, if we take a system defined by its density ρ = N/V and its temperature T in the NVT ensemble, the energy at equilibrium is given by

E = ⟨H ⟩ NV T .
(2.68)
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Equivalently, we can run NVE simulations with the same E and we shall obtain the (average) equilibrium temperature,

T = 2E K dk B N with E K = ⟨K ⟩ NV E , (2.69) 
equal to the value obtained in the NVT ensemble, where d = 2, 3 is the dimensionality of the system. This idea also applies to the calculation of the pressure P. Performing (equilibrium) NVT simulations gives the pressure P. If we run NPT simulations, then we shall obtain average volume V . Again, if we have P = P, then V = V . More precisely, here are some common simple averages [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

E = ⟨H ⟩ (2.70) E K = ⟨K ⟩ = (1/2) ∑ i m i v 2 i
(2.71)

E P = ⟨V ⟩ = N-1 ∑ i=1 ∑ j>i u r i j (2.72) T = (2/d)E K /Nk B (2.73)
for total energy, kinetic energy, potential energy and temperature, respectively. The pressure P is an important quantity in our studies. Its expression is well-known for pairwise potentials. To show this, we start from the definition P = -(∂ F/∂V ) T , where F is the free energy. As F = -k B T ln Q NV T , we have

P = k B T Q NV T ∂ Q NV T ∂V T (2.74)
where the canonical partition function is given by:

Q NV T = A(T )Z NV T = A(T ) d N r exp (-V /k B T) , (2.75) 
where, for

d = 3, A(T ) = 2πmk B T /h 3 N /N! is independent of the volume V. Scaling the coordinates as⃗ r = V 1/3 ⃗ s leads to the following Z NV T expression Z NV T = V N d N s exp (-V /k B T) . (2.76) As V = ∑ N-1 i=1 ∑ j>i u r i j = ∑ N-1 i=1 ∑ j>i u V 1/3 s i j , we have (∂ V /∂V ) T = N-1 ∑ i=1 ∑ j>i u ′ r i j s i j (1/3)V -2/3 = (1/3V ) N-1 ∑ i=1 ∑ j>i u ′ r i j r i j .
(2.77)

Using Eq. (2.77) to Eq. (2.74), we obtain the well-known virial expression for the pressure:

P = ρk B T -(1/3V ) N-1 ∑ i=1 ∑ j>i u ′ r i j r i j .
(2.78)

For d = 2, P = ρk B T -(1/2V ) N-1 ∑ i=1 ∑ j>i u ′ r i j r i j . (2.79)
The first term is the ideal gas term, P id , the second term is the excess term P ex , which arises from the interactions between the particles. The fact that we get an ideal term and an excess term is a consequence of splitting Q NV T into two parts, one corresponding to an ideal gas and the other, configurational part, resulting from interparticle interactions. Like pressure, all other thermodynamic properties derived from F can be expressed as the sum of the ideal gas term and the configurational term. This is useful because it is easy to calculate the properties of an ideal gas [START_REF] Allen | Computer Simulation of Liquids[END_REF]. Thus, we may focus on the configurational functions.

Another common simple average we compute is the radial distribution function g(r), which characterizes the local structure in our systems. The function ρg(r) represents the probability density of finding a particle at a distance r from a reference particle. The pair distribution function is given by [START_REF] Allen | Computer Simulation of Liquids[END_REF] 

g(r) = ρ -2 ⟨ ∑ i ∑ j̸ =i δ (r i )δ (r j -r)⟩ = V N 2 ⟨ ∑ i ∑ j̸ =i δ (r -r i j )⟩ , (2.80) 
where r i j is the distance between the particles i and j. This function is very useful. In addition to providing insight into the structure of the system, it allows evaluating averaged quantities of any pair function a(r). In a 3D space, the averaged quantity of a(r) is given by [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

⟨A⟩ = 1 2 Nρ ∞ 0 a(r)g(r)4πr 2 dr . (2.81)
For example, in an isotropic system, g(r) is related to the thermodynamic quantities of the system by

E P ( isotropic )/N = 2πρ ∞ 0 r 2 u(r)g(r)dr (2.82)
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P( isotropic ) = ρk B T -(2π/3)ρ 2 ∞ 0 r 3 u ′ (r)g(r)dr . (2.83)
In 2D space, we have

⟨A⟩ = 1 2 Nρ ∞ 0 a(r)g(r)2πrdr , (2.84) 
so that the potential energy and pressure of the system are written as:

E P ( isotropic )/N = πρ ∞ 0 ru(r)g(r)dr (2.85) P( isotropic ) = ρk B T -(π/2)ρ 2 ∞ 0 r 2 u ′ (r)g(r)dr . (2.86)
Now we briefly discuss fluctuations. Unlike averages, fluctuations depend sensibly on the ensemble. As an example, let us discuss the fluctuation of energy E. In an NVE ensemble, E does not fluctuate, i.e., ∆E ≡ (H -E) 2 = 0. However, the energy fluctuation can be used to calculate certain system properties, such as the heat capacity

C V = (∂ E/∂ T ) V [65] in an NVT ensemble, ∆E NV T = k B T 2 C V > 0 . (2.87)
Thus, the fluctuations of E in the NVT ensemble are a way to calculate the constant-volume specific heat capacity. Properties like C V are often referred to as "response functions". The volume fluctuations V are related to certain system properties, such as the bulk modulus K.

Obviously, in an NVT ensemble the volume does not fluctuate (∆V = 0), while in an NPT ensemble we have [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

∆V NPT ≡ (V -V ) 2 NPT = V k B T κ T > 0 , (2.88) 
where κ T = -V -1 (∂V /∂ P) T is the isothermal compressibility of the system. Using the bulk modulus K = 1/κ T , Eq. (2.87) can be rewritten as

K = V k B T ∆V NPT . (2.89)
Getting the volume fluctuation in the NPT ensemble provides a way of computing the bulk modulus.

Thermomechanical properties

Elastic constants, or thermomechanical properties, are fundamental properties to characterize mechanical behavior. At the macroscopic scale and in the linear response regime, these elastic constants are the constants of proportionality between any small deformation (strain) of the material and the elastic response (stress) that counteracts it. This relation is analogous to Hooke's law. Simulations are used to link these macroscopic elastic constants to the microscopic behavior. Elastic constants have been studied by molecular dynamics simulations in various colloidal systems, such as a binary soft-sphere alloy [START_REF] Barrat | Elastic response of a simple amorphous binary alloy near the glass transition[END_REF], isotropic 3D glassforming colloidal model systems [START_REF] Wittmer | Shear modulus of simulated glass-forming model systems: Effects of boundary condition, temperature, and sampling time[END_REF], a 2D Kob-Andersen model at constant pressure [START_REF] Li | Stress fluctuations and elasticity in one-and two-component cubic crystals[END_REF], and model crystals [START_REF] Li | Glass transition of two-dimensional 80-20 Kob-Andersen model at constant pressure[END_REF][START_REF] Li | Elisticity, viscoelastity, and glass transition of model systems by computer simulation[END_REF]. They are also used to experimentally characterize the mechanical response of active living systems, such as tissues [START_REF] Delarue | Stress distributions and cell flows in agrowing cell aggregate[END_REF].

In this section, we present the two methods we use in this manuscript to calculate the thermomechanical properties, shear modulus G and bulk modulus K, of our studied systems. The first approach is based on the macroscopic definition of G and K. The shear modulus is defined as the ratio between the average shear stress and a small shear strain, G = δ τ/δ γ xy , while the bulk modulus is given by K = ρ(∂ P/∂ ρ) T with ρ = N/V the average particle density. The second approach is based on the stress fluctuation formalism first proposed by Squire et al. [START_REF] Squire | Isothermal elastic constants for argon. theory and Monte Carlo calculations[END_REF] to determine isothermal elastic constants for argon crystal at finite temperatures using Monte Carlo simulations. In contrast to the first approach, the stress fluctuation formalism has the advantage that the system does not have to be strained to obtain its elastic constants. The stress fluctuation formalism was originally proposed for solids. However, the formalism found to be valid for computing the shear modulus G and the bulk modulus K of liquids [START_REF] Li | Elisticity, viscoelastity, and glass transition of model systems by computer simulation[END_REF].

In the following subsections, we will present only the main set of equations used in this thesis to compute the thermomechanical properties G and K. The two approaches are explained in detail in references [START_REF] Li | Elisticity, viscoelastity, and glass transition of model systems by computer simulation[END_REF][START_REF] Wallace | Thermoelasticity of stressed materials and comparison of various elastic constants[END_REF][START_REF] Schnell | Simulated glass-forming polymer melts: Glass transition temperature and elastic constants of the glassy state[END_REF].

Macroscopic definitions

Consider a system that can be initially stressed. For infinitesimal changes in stress and strain, the strain-stress relation is given by [START_REF] Wallace | Thermoelasticity of stressed materials and comparison of various elastic constants[END_REF]:

dσ αβ = B αβ χκ dε χκ , (2.90) 
where ε χκ is the (conventional) strain tensor, σ αβ is the stress tensor, and B αβ χκ are the Birch coefficients. The greek indices denote Cartesian coordinates. Assuming that the initial stress is an isotropic pressure, the Birch coefficients are linked to the elastic constants C αβ χκ by [START_REF] Li | Elisticity, viscoelastity, and glass transition of model systems by computer simulation[END_REF]:

B αβ χκ = C αβ χκ + P(δ αβ δ χκ -δ α χ δ β κ -δ ακ δ β χ ) . (2.91)
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The second term of this expression accounts for the initial stress of the system due to the pressure P. For an isotropic two-dimensional system, the shear modulus and the bulk modulus are given by [START_REF] Li | Elisticity, viscoelastity, and glass transition of model systems by computer simulation[END_REF]:

G = B xyxy = B xxxx -B xxyy 2 , (2.92) 
K = B xxxx + B xxyy 2 .
(2.93)

Stress fluctuation formalism

Here we present the basic formulas for calculating the elastic constants, shear modulus G and bulk modulus K, using the formalism of stress fluctuations [START_REF] Li | Elisticity, viscoelastity, and glass transition of model systems by computer simulation[END_REF][START_REF] Wittmer | Shear modulus of simulated glass-forming model systems: Effects of boundary condition, temperature, and sampling time[END_REF]. In this formalism, the general expression for the elastic constants is written using greek letters to denote the directions of a d-dimensional space:

C αβ χκ = C K αβ χκ +C B αβ χκ -C F αβ χκ , (2.94) 
where C K αβ χκ is the kinetic part:

C K αβ χκ = 2k B T ρ(δ ακ δ β χ + δ α χ δ β κ ) , (2.95) 
C B αβ χκ the Born term:

C B αβ χκ = 1 V ∑ i< j u ′′ (r i j ) - u ′ (r i j ) r i j r α i j r β i j r χ i j r κ i j r 2 i j , (2.96) 
and C F αβ χκ the fluctuations term:

C F αβ χκ = V k B T ⟨ σαβ σχκ ⟩ -⟨ σαβ ⟩ • ⟨ σχκ ⟩ . (2.97)
The stress tensor elements are given by the following expression:

σαβ = 1 V   ∑ i< j u ′ (r i j )r α i j r β i j r i j -∑ i p α i p β i m   . (2.98)
Note that these elements can be obtained using LAMMPS [START_REF] Plimpton | Fast parallel algorithms for short-range molecular dynamics[END_REF] during a equilibrium MD simulation.

The fluctuation term contains two contributions, a kinetic contribution, C FK , and a configurational contribution due to interactions, C FC . Then equation (2.97) can be written as the sum of both contributions C F = C FK +C FC . Putting the kinetic terms together, equation (2.94) becomes:

C αβ χκ = C KK αβ χκ +C B αβ χκ -C FC αβ χκ , (2.99) 
where

C KK αβ χκ = C K αβ χκ -C FK αβ χκ = k B T ρ(δ ακ δ β χ + δ α χ δ β κ
) correspond to the contribution of an ideal gas, while the part C B αβ χκ -C FC αβ χκ , called the excess term, is due to the interaction between particles.

The shear modulus G and the bulk modulus K are defined in the stress fluctuation formalism by the following expressions [START_REF] Li | Elisticity, viscoelastity, and glass transition of model systems by computer simulation[END_REF]:

K = P id + η A,ex -η F,ex , (2.100) 
with η A,ex = P ex + ⟨χ⟩ V , (2.101) 
η F,ex = V k B T (⟨ P2 ex ⟩ -⟨ Pex ⟩ 2 ) . (2.102 
)

P ex = ⟨ Pex ⟩ = -1 d•V ⟨∑ i< j r i j u ′ (r i j )⟩
is the averaged excess pressure ( Pex is the instantaneous excess pressure), and

⟨χ⟩ = 1 d 2 (⟨∑ i< j r i j d(r i j u ′ (r i j )) dr i j ⟩) is the "hypervirial" function. Moreover, G = µ A,ex -µ F,ex , (2.103) 
where

µ A,ex = C B xyxy -P ex , (2.104) 
µ F,ex = V k B T (⟨ σ 2 xy,ex ⟩ -⟨ σxy,ex ⟩ 2 ) , (2.105) 
with σxy,ex the excess contribution to the elements of the stress tensor.

In our work, we use a truncated and shifted Lennard-Jones potential. Therefore, the Born terms where there is a second derivative of the potential require an impulsive correction [START_REF] Xu | Impulsive correction to the elastic moduli obtained using the stress-fluctuation formalism in systems with truncated pair potential[END_REF]. Without this correction, we cannot obtain a zero shear modulus G as expected for a liquid.

Interfacial properties of inhomogeneous systems

In the numerical part of this thesis, we study the interfacial properties of a binary interfacial system of active and passive particles. We are interested in the particular case of coexisting liquid and gaseous phases separated by a planar interface, both when the system is at thermodynamic equilibrium and especially when it is driven out of equilibrium. Here we present the computational aspects to obtain the properties of a gas-liquid interfacial system at equilibrium. However, these aspects are generally still valid to systems that are at an out-of-equilibrium steady-state and containing a planar gas-liquid interface.

In the presence of phase equilibrium, for example liquid-gas coexistence, we have an interface in the system. Near this interface, the local density ρ(r) and the components of the pressure tensor P ab (a, b = x, y, z) are inhomogeneous. Let us take the case of a 3D system with a planar interface parallel to the xy-plane. Thus we have ρ(r) = ρ(z), and P ab (z). Whereas ρ(z) is uniquely defined, there are several expressions for P ab , which will be discussed below.

The discussions are for 3D systems but, as we will see below, 2D expressions can be easily deduced.

Local density

For a system containing N particles, the microscopic local density is:

ρ(r) = N ∑ i=1 δ (r -r i ) , (2.106) 
where the 3D Dirac function is:

δ (r -r i ) = δ (x -x i ) δ (y -y i ) δ (z -z i ) . (2.107) 
The one-particle density ρ(r) is defined by the statistical average of ρ(r):

ρ(r) =< ρ(r) >=< N ∑ i=1 δ (r -r i ) > . (2.108)
In case of homogeneous systems, we have ρ(r) = ρ = Const. In presence of a planar interface, we have ρ(r) = ρ(z) (independent of x and y coordinates). If the area of the interface is A, it is convenient to define a 1D density ρ 1D (z) = A ρ(r)dxdy. From the above equations, we have

ρ 1D (z) =< N ∑ i=1 δ (z -z i ) > , (2.109) 
and

ρ(z) = 1 A ρ 1D (z) . (2.110)
This local density can be computed easily in simulations, where we can replace the δ function by the "top-hat" function in [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

H(z -z i , ∆z) =    1 if z -∆z 2 < z i < z + ∆z 2 0 otherwise (2.111)
where ∆z is the thicknesses of the defined slabs, parallel to the xy plane. Thus, the density profile is given by:

ρ(z) = 1 A∆z ⟨ N ∑ i=1 H (z -z i , ∆z)⟩ . (2.112)

Local Temperature

In a similar way, we compute the local temperature with the following expression:

T (z) = 1 dk B ⟨ ∑ N i=1 H(z -z i , ∆z)m i |v i | 2 ∑ N i=1 H(z -z i , ∆z) ⟩ , (2.113) 
where d = 2, 3 is the system dimension. At equilibrium, the local temperature T (z) should be constant along the z direction.

Local pressure components

The pressure is composed of the kinetic part (due to velocities) and the virial part (due to interactions). The kinetic part is easily computed on local scales [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

P kin ab = ρ(z)k B T δ ab .
(2.114)

However, for the local virial pressure, there are three commonly used expressions [START_REF] Smith | The importance of reference frame for pressure at the liquid-vapour interface[END_REF] local virial (IK1), Irving-Kirkwood (IK), and Harasima (HA). First, we recall the virial expression for a homogeneous system (of volume V ) [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

P vir ab = 1 V N ∑ j>i r i j a f i j b (2.115)
where ∑ N j>i = ∑ N-1 i=1 ∑ N j>i runs over all the (i j) pairs, and f i j is the pair interaction force. The IK1 expression (used by LAMMPS) is a localized version of Eq. (2.115):

P vir ab,IK1 (r) = N ∑ j>i r i j a f i j b δ (r -r i ) . (2.116)
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For a planar interface, this gives

P vir ab,IK1 (z) = 1 A N ∑ j>i r i j a f i j b δ (z -z i ) . (2.117)
Eq. (2.117) has been shown to be incorrect [START_REF] Smith | The importance of reference frame for pressure at the liquid-vapour interface[END_REF]. Especially, it does not satisfy the equilibrium condition P zz = Const. The IK expression is:

P vir ab,IK (z) = 1 A N ∑ j>i r i j a f i j b 1 z i j H z i -z z i j H z -z j z i j , (2.118) 
where H is the Heaviside step function:

H(x) =          1 if x > 0 0 if x < 0 1/2 if x = 0 .
(2.119)

The Harasima (HA) expression are composed of two different ones. For the normal component, P N = P zz , it follows IK (Eq. (2.118)). For the tangential components P xx and P yy , it follows the IK1 expression (Eq. (2.117)). IK and HA expressions are found to provide correct values of P N (z). For P T = (P xx + P yy ) /2, all three give very close results. In the 2D case, P N = P zz and P T = P xx .

Structure in the gas-liquid interface

The single particle density profile can often be accurately fitted by a hyperbolic function,

ρ(z) = 1 2 (ρ l + ρ g ) -(ρ l -ρ g ) tanh(2(z -z i )/w) , (2.120) 
or by an error function,

ρ(z) = 1 2 (ρ l + ρ g ) -(ρ l -ρ g )er f ( √ π(z -z i )/w) , (2.121) 
where z i and w are the interface position and the interface width, respectively. ρ l and ρ g are the bulk liquid and bulk gas densities. We note that there is simulation and experimental evidence in favor of the error function profile [START_REF] Allen | Computer Simulation of Liquids[END_REF].

Surface tension

The surface tension in presence of a fluid-fluid interface can be calculated from the pressure tensor as [START_REF] Allen | Computer Simulation of Liquids[END_REF]:

γ = (1/2) ∞ -∞ [P N (z) -P T (z)] dz (2.122)
or more directly from the particle positions and the pair potential u

γ = 1 4A ∑ i ∑ j>i r i j - 3z 2 i j r i j u ′ (r i j ) (2.123) with r 2 i j = x 2 i j + y 2 i j + z 2 i j .
Both expressions assume that the simulation box contains two planar interfaces parallel to the xy-plane. In 2D, the surface tension is given by:

γ = 1 2L x ∑ i ∑ j>i r i j - 2z 2 i j r i j u ′ (r i j ) (2.124)
where L x is the length of the 2D simulation box along the x-axis direction (the direction parallel to the interface) and r 2 i j = x 2 i j + z 2 i j .

Study of active systems using Molecular Dynamics simulations

Computer simulations, such as Molecular dynamics and Brownian dynamics corresponding to a high friction limit of MD, have been used to study systems driven out of equilibrium by scalar or vectorial activity [START_REF] Ganai | Chromosome positioning from activitybased segregation[END_REF][START_REF] Weber | Binary mixtures of particles with different diffusivities demix[END_REF][START_REF] Smrek | Small activity differences drive phase separation in active-passive polymer mixtures[END_REF][START_REF] Van Teeffelen | Dynamics of a Brownian circle swimmer[END_REF][START_REF] Chari | Scalar activity induced phase separation and liquid-solid transition in a Lennard-Jones system[END_REF][START_REF] Mandal | Motility-induced temperature difference in coexisting phases[END_REF]. For example, Weber et al. [START_REF] Weber | Binary mixtures of particles with different diffusivities demix[END_REF] have showed using Brownian dynamics that a binary system of hot and cold particles phaseseparates for high diffusivity difference, and less diffusive particles form a close-packed cluster (see Fig. 2.9). In another study, P. K. Maiti and co-workers [START_REF] Chari | Scalar activity induced phase separation and liquid-solid transition in a Lennard-Jones system[END_REF] have performed MD simulations to study phase separation and liquid-solid transition induced by scalar activity in a 3D Lennard-Jones mixture of hot and cold particles. The authors show that above a certain critical activity difference, which depends on the system density, the system phase-separates and a segregation phenomenon emerges (see Fig. 2.10). The latter study was extended to a system with a mixture of hot and cold dumbbells [START_REF] Lin | Phase behavior of active and passive dumbbells[END_REF]. As anisotropy is ubiquitous in the real world, Molecular Dynamics simulations have been used to investigate phase transitions in binary systems of anisotropic particles, such as soft repulsive (spherocylinder) rods [START_REF] Chattopadhyay | Heating leads to liquid-crystal and crystalline order in a twotemperature active fluid of rods[END_REF][START_REF] Chattopadhyay | Twotemperature activity induces liquid-crystal phases inaccessible in equilibrium[END_REF]. Increasing the activity (temperature) of half of the system particles leads to segregation between the hot and cold particles. Interestingly, depending on the initial structure, the cold components may undergo a phase transition to more ordered phases with Initially, small shapeless clusters of cold particles form, which later coalesce and merge into a single cluster. Inset: close-up of the cluster with color-coded local hexatic order parameter Ψ 6,i of each particle i. Adapted from [START_REF] Weber | Binary mixtures of particles with different diffusivities demix[END_REF].

increasing activity. Thus evolution is observed from isotropic, to nematic, to smectic and to crystalline structures at very high activity [START_REF] Chattopadhyay | Heating leads to liquid-crystal and crystalline order in a twotemperature active fluid of rods[END_REF]. At packing fractions for which these emerging liquid crystalline orders are observed, the isotropic phase is the only possible phase in equilibrium [START_REF] Chattopadhyay | Heating leads to liquid-crystal and crystalline order in a twotemperature active fluid of rods[END_REF]. In the simulation part of this thesis, we perform Molecular Dynamics simulations to investigate physical properties of active binary systems that are driven out-ofequilibrium by scalar activity. We represent such systems by the two-temperature model. 

Dynamics of driven magnetic clusters: Methods

In this chapter, we present a study of the dynamics of two-dimensional clusters under external magnetic fields. First, we present our magnetic setup and the magnetic particles we used to form clusters, as well as the protocol we followed to perform the experiments. Second, we develop a theoretical model that describes the rotational dynamics of homogeneous clusters.

Then we present a generalization of this model to binary clusters consisting of two sizes of paramagnetic particles. We also investigate the inverse phenomenon, i.e., the disassembly dynamics of our clusters when they are subjected to an out-of-plane static field. We will close the chapter by detailing a theoretical model that describes the disassembly and spreading dynamics of a homogeneous cluster.

3.1 Experimental system

Experimental setup

The experimental setup consists of two pairs of Helmholtz coils with their main axes contained in the horizontal plane, and a simple coil with a vertical axis surrounding the Helmholtz coils. The three coil axes are arranged perpendicular to each other (see Fig. 3.1(a) and Fig. 3.2(a, left)). The two pairs of Helmholtz coils are driven by a time-varying current, with a quadrature phase shift between them, which allows to generate a spherical 3D rotating magnetic field B B B = (B sin θ cos(2πΩt), B sin θ sin(2πΩt), B cos θ ), where B is the induced magnetic field strength, Ω is the precession frequency, and t is the elapsed time (see Fig. 3.2(a, right)). To create an in-plane rotating field, the simple coil is kept off. The whole setup is built on the stage of an inverted microscope equipped with a CCD camera. Particles are visualized under (Nikon) objectives with magnification up to 20× and recorded by the camera at an image rate of 5 frames per second.

Properties of our particles

We use two types of super-paramagnetic polystyrene particles coated with an epoxy layer, Dynabeads M-450 or Dynabeads M-270 (ThermoFisher, Waltham MA, USA), of radius a 1 = 2.2 µm and a 2 = 1.4 µm, and dimensionless magnetic susceptibilities χ 1 = 1.632 and χ 2 = 0.756, respectively [START_REF] Fonnum | Characterisation of Dynabeads by magnetization measurements and Mössbauer spectroscopy[END_REF]. These particles are made from porous polystyrene spheres that are doped with small maghemite (γ -Fe 2 O 3 ) clusters (see Fig. 3.1(b)), with diameter of 8 nm [START_REF] Fonnum | Characterisation of Dynabeads by magnetization measurements and Mössbauer spectroscopy[END_REF], to make them super-paramagnetic. Using Mössbauer spectra, Fonnum et al. [START_REF] Fonnum | Characterisation of Dynabeads by magnetization measurements and Mössbauer spectroscopy[END_REF] showed that such Dynabeads particles have a relaxation time (Néel relaxation) of the order of nanoseconds, much lower than the magnetic field frequency used in this study. The relaxation time of the magnetic moment of a nano-particle is written as [START_REF] Gijs | Microfluidic applications of magnetic particles for biological analysis and catalysis[END_REF]:

τ = τ 0 exp Kv p k B T ,
with τ 0 ≈ 10 -9 s, K = 4.2 • 10 4 J/m 3 the magnetic anisotropy constant for maghemite, v p the volume of the magnetic domain (in our case, v p is the volume of a maghemite nano-cluster of 8 nm of diameter) , and k B T is the thermal energy (T is here taken as the ambient temperature) [START_REF] Gijs | Microfluidic applications of magnetic particles for biological analysis and catalysis[END_REF]. We calculate a relaxation time of 15.4 ns, comparable to that reported in [START_REF] Fonnum | Characterisation of Dynabeads by magnetization measurements and Mössbauer spectroscopy[END_REF] by using Mössbauer spectra.

We note that we have performed a direct experimental estimation of particle magnetic susceptibilities. However, because of some significant uncertainty in our estimation, we prefer the use of the values reported in the literature [START_REF] Fonnum | Characterisation of Dynabeads by magnetization measurements and Mössbauer spectroscopy[END_REF]. This will be discussed in detail in the following chapter.

Experimental protocol

Our particles are suspended in a sodium dodecyl sulfate (SDS) solution with a concentration of 2.1 g/L. SDS molecules are adsorbed to the particle surface and prevent spontaneous aggregation and particle binding to the substrate. Before starting the experiment, particles are let to sediment to the bottom of the sample quartz cell (Hellma Analytics, Müllheim, Germany) placed at the center of the triple coil setup. A weak, vertical magnetic field (B = 0.5 mT) is exerted to distribute particles over the 1 cm ×1 cm sample cell bottom.

First, we investigate the rotation dynamics of 2D homogeneous self-assembled colloidal clusters. For this purpose, we prepare a 2D array of sedimented monodispersed particles Second, we investigate the rotation dynamics of binary self-assembled clusters. We prepare a 2D array of sedimented M-450 and M-270 particles (Fig. 3.4(a)). Here, the surface density is (7.5 ± 0.6) × 10 -3 particles per µm 2 for the binary colloidal suspension, with a fractional number of big particles ranging from 0.05 to 0.25. Under the effect of the external in-plane rotating magnetic filed, particles self-assemble into 2D binary clusters (Fig. 3.4(b andc)), whose size and internal structure evolve over time. Herein, we modulate the composition of the binary colloidal suspension in order to investigate its effect on cluster rotation speed and internal structure. Radius of M-270 particle 1.4 µm Third, we investigate the disassembly dynamics of homogeneous clusters. Once clusters are formed under the action of an in-plane rotating field, the second experiment starts by imposing a constant vertical magnetic field in the z-direction (B = 0.9 mT, θ = 0 • ). The vertical field induces repulsive interactions between the cluster's particles, which causes their disassembly and spreading.

To make it easy for readers, we gather the experimental parameters mentioned in this section and their values (or range of values) used in this study in Table 3.1.

Data analysis

Videos monitoring several homogeneous or binary clusters are processed using ImageJ (Fiji) [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF] to obtain the size, position and orientation of clusters, and a customized Matlab code is used for tracking the clusters' rotations and computing their angular velocities. The number of big (M-450) particles N 1 inside each cluster is manually counted in the images. Because small (M-270) particles are not easily identifiable in the images, their number is estimated from knowledge of the cluster's total area A c as

N 2 = (A c -N 1 πa 2 1 )/(2 √ 3a 2 
2 ). We restrict our analysis to stable and sufficiently large clusters, in order to obtain meaningful values of the instantaneous cluster angular velocity. For this reason, the following restrictive criteria are applied: (i) cluster size above 80 µm 2 , (ii) variation of cluster size less than 5%, (iii) cluster trajectory recorded during at least 12 s, and (iv) standard deviation of ω smaller than 0.05 rev/s. We analyze videos for a large number of clusters coming from independent experiments. In another series of experiments aimed at studying cluster evolution over time, we record 1-minute videos at three different times (10, 30, and 70 min) after application of the rotating field, and we analyze about 90 clusters at each time.

To quantify the dynamics of cluster disassembly, the particle closest to the cluster barycenter at the beginning of the experiment is identified as the central particle and assumed to remain as such. The experimental local density profile during cluster disassembly is obtained as

ρ(r i ) = 2/[ √ 3/d(r i ) 2 ],
where d(r i ) is the average distance between a particle located at the radial distance r i from the cluster center and its six nearest neighbors. To account for boundary effects, the distance d for particles at the cluster's edge is calculated as the average distance to its three nearest neighbors only, and a factor of 1/2 is applied to the resulting density ρ. The cluster radius R(t) is that of the circle circunscribing all the cluster's particles (Fig. 3.5).

Theoretical models

Rotation dynamics

The rotation of self-assembled 2D paramagnetic clusters in a rapidly precessing magnetic field with a tilt angle above the magic angle was first studied by Tierno et al. for small hexagonal clusters consisting of 7 particles [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF]. The authors theoretically explained that the surprising rotation of isotropic clusters, at high precession frequency, is caused by the dynamics of dissipative elastic shear waves traveling around the cluster.

In this study, we focus on the rotational dynamics of paramagnetic clusters of different size and particle composition under external magnetic fields of various intensities and frequencies. Fig. 3.5 Sketch of a disassembled paramagnetic cluster of radius R(t), which is the radius of the circle circumscribing the cluster at time t after applying the vertical magnetic field.

As discussed in the next chapter, the hexagonal cluster model is not directly applicable to our experiments, as its predictions fail to describe the dynamics we observe. Taking the hexagonal cluster model as our starting point, first we develop an extended theoretical model that captures the new physics in our experiments with homogeneous clusters. Second we generalize our extended model to also capture the dynamics of binary clusters.

Rotation of homogeneous (i.e., one-component) clusters

We consider a colloidal suspension consisting of super-paramagnetic particles under an external time-varying magnetic field. The free energy of this system of particles interacting through dipolar magnetic interactions is given by:

F = (1/2)--d 3 r r r d 3 r r r ′ M α (r r r) • -V αβ (r r r -r r r ′ ) • M β (r r r ′ ) (3.1)
where the indexes α, β = x, y, z indicate the cartesian coordinates. M α is the α-component of the magnetization of particles, and -V αβ is the dipole interaction potential. The integral symbolindicates exclusion of the dipolar self-energy of one particle with itself. Following Tierno et al., we use a regularized potential, -V αβ , that automatically excludes particle self-interaction:

-V αβ (r r r) = - µ 0 4π 3r α r β -r 2 + 1 n δ αβ r 2 + 1 n 5/2 , ( 3.2) 
where µ 0 is the vacuum permeability, and n = a 2 /(2 √ 3) is the 2D density of particles.

Cluster self-assembly is driven by the time-averaged dipolar interactions between the timevarying magnetic dipoles induced by the rotating field. The equilibrium particle positions in the cluster are determined by a balance between these attractive interactions and the short-range repulsive steric interactions arising from the SDS molecules adsorbed to the particle's surface (Fig. 3.6). At high precession frequency Ω of the external magnetic field, the particle's dipole orientation cannot follow the field rotation, and single particles do not rotate. In contrast, clusters rotate, although at a lower speed than the external field. The mechanism of cluster rotation is not due to dipole rotation, nor does it require an anisotropic cluster shape. Rather, rotation of isotropic clusters is enabled by dynamic deformation driven by the imbalance of magnetic forces at the cluster's edge. By using a continuum description, which is valid for clusters containing a sufficiently high number of particles, magnetic forces acting at the edge of the two-dimensional cluster can be expressed as a dipolar line tension, with units of force, given by:

λ dip = λ is + λ anis cos(2Φ) , (3.3) 
where Φ is the in-plane angle between the magnetic field and the vector normal to the cluster boundary, n n n [27]. The isotropic component λ is assures cluster cohesion, whereas the anisotropic component λ anis induces cluster deformation. The isotropic and anisotropic components of the dipolar line tension are given by:

λ is = - 1 2π µ 0 M 2 ln 8R c √ n e P 2 (cos θ ) , (3.4 
)

λ anis = 3 4π µ 0 M 2 ln 8R c √ n e 7/3 sin 2 θ , (3.5) 
where θ is the angle formed by the magnetic field B B B and the vertical z-axis (see Fig. 3.2(a)), P 2 is the second Legendre polynomial, and

M = nV p χ B µ 0 (3.6)
is the cluster's magnetization per unit area in the continuum approximation, with V p the volume of a particle of radius a, and χ the magnetic susceptibility of a particle. The rotating cluster is subjected to two torques, magnetic and viscous. The magnetic torque is

τ m = V c B 2 sin 2 (θ )χ ′′ eff /µ 0 , (3.7) 
where V c = πR 2 c 2a is the cluster volume, and the demagnetization susceptibility (the imaginary part of the effective magnetic susceptibility) of a homogeneous cluster, approximated as an oblate ellipsoid of minor semi-axis a, is given as χ ′′ eff = 3πau ′′ r /8R 2 c [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF]. The latter is proportional to the radial distortion of the cluster u ′′ r , so that the rotation of the cluster is related to its distortion. However, the cluster rotation is opposed by a viscous torque:

τ visc = f η w R 3 c ω , (3.8) 
where

f = AπR c ω 1/2 /(2ν 1/2
w ) is the hydrodynamic drag coefficient of the cluster, assimilated to a rotating flat disk near a wall [START_REF] Schlichting | Boundary-Layer Theory[END_REF], with η w and ν w the dynamic and kinematic viscosities of water, respectively, and A a numerical constant that depends on the disk roughness (A = 0.6159 for a flat, impervious disk) [START_REF] Schlichting | Boundary-Layer Theory[END_REF]. We note that here, unlike previous modeling work [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF], we do not simplify the hydrodynamic drag as that of a collection of non-interacting spheres, but rather we consider the drag due to the actual cluster shape.

Balancing the two torques above gives:

u ′′ r = 8 µ 0 f η w R 5 c ω 3 π aV c B 2 sin 2 θ . (3.9) 
As in previous work [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF], we conceptualize the cluster as a 2D incompressible viscoelastic solid, whose deformation is described by the elasticity equation:

-∇ ∇ ∇p + G c ∆u u u = 0, (3.10) 
where G c is the complex shear modulus, and p > 0 is the steric pressure. The boundary condition is that the elastic stress normal to the boundary corresponds to the dipolar line tension gradient:

∂ (λ dip t t t) ∂ s = σ • n n n , (3.11) 
where t t t, n n n and s denote the tangential vector, normal vector, and arclength of the cluster boundary. σ is the elastic stress tensor. Solving Eq. (3.10) using the Airy stress function approach [START_REF] Boresi | Elasticity in Engineering Mechanics[END_REF][START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF] and by imposing the boundary condition (Eq. (3.11)), the following expressions of the azimuthal and radial component of the dynamic cluster deformation are obtained [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF]:

u Φ = iλ anis (3λ is + 5G c ) 3G c (λ is + G c R c ) exp (-2iΦ) , (3.12 
)

u r = -2λ anis R c 3(λ is + G c R c ) exp (-2iΦ) , (3.13) 
where R c is the cluster radius. Inserting the complex shear modulus, G c = G ′ c -iG ′′ c , into Eq. (3.13) gives:

u r = -2λ anis R c [(λ is + G ′ c R c ) + i G ′′ c R c ] 3[(λ is + G ′2 c R c ) 2 + G ′′ c 2 R 2 c ] exp (-2iΦ) , (3.14) 
where the imaginary part of this radial distortion is:

u ′′ r = 2λ anis G ′′ c R 2 c 3[(λ is + G ′ c R c ) 2 + G ′′ c 2 R 2 c ] . (3.15)
Cluster viscoelasticity is described by the Kelvin-Voigt model, G c = K -2i(Ω -ω)η c , where K is the 2D elastic modulus (with units of force per length) and η c is the 2D cluster viscosity (with units of force-time per length). Thus, by inserting the expression of the shear modulus into Eq. (3.15), the radial distortion becomes:

u ′′ r = 4λ anis (Ω -ω)η c R 2 c 3[(λ is + KR c ) 2 + 4 (Ω -ω) 2 η 2 c R 2 c ] . (3.16) 
By considering that Ω ≫ ω, λ is ≪ KR c , and η c Ω ≪ K, Eq. (3.16) becomes:

u ′′ r ≈ 4λ anis Ωη c 3K 2 .
(3.17)

By inserting Eq. (3.17) into Eq. (3.9), we find the following expression of the cluster's angular velocity:

ω 3/2 = 4π 2 18Aµ 2 0 √ ν w η w η c sin 4 θ ln 2 5/2 3 1/4 e 7/3 R c a a 4 χ 2 K 2 R 4 c Ω B 4 . (3.18) 
At this point we diverge again from previous work for hexagonal clusters [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF], which assumed a cluster elasticity proportional to the isotropic surface tension, K = λ is /R c . If we applied this hypothesis to our larger clusters, we would predict a radial cluster deformation of the order of 50%, much larger than what is observed experimentally. Rather, we postulate that the dominant contribution to the elastic modulus arises from steric interactions. The steric interaction potential (Fig. 3.6) between two identical particles of radius a, with a coating layer of width δ and separated by a surface-to-surface distance s, is [128]: where C 0 ≡ 2πΓk B T , k B is the Boltzmann constant, T is the temperature, Γ is the so-called grafting density, i.e., the surface density of molecules adsorbed to the particle surface, s = r -2a, with r the center-to-center distance, l ≡ s/a, and q ≡ δ /a. Since q ≪ 1, we can simplify the steric potential expression for l ≤ 2q as: U ≈ C 0 a 2 ql + l 2 4q . The 2D elastic modulus K of the cluster is then deduced as follows. If we apply a pressure p c along the cluster edge, the cluster radius is reduced by a magnitude

U = C 0 a 2 2 -l q -l+2 q ln 1+q 1+l/2 if l ≤ 2q, 0 if l > 2q, (3.19) 
|∆R c | = R c a ε(r)dr, so that p c a = K|∆R c |/R c .
The local deformation at radius r due to the pressure p(r) = p c R c /r is ε(r) = a p(r)/(d 2 U/dr 2 ). Thus, we obtain

|∆R c | = R c a a p c R c r 2q C 0 dr = p c R c C ln(R c /a) , (3.20) 
with C ≡ C 0 /(2δ ). Finally we obtain:

K = C a ln(R c /a) , (3.21) 
Inserting the Eq. (3.21) into Eq. (3.18), we obtain our final expression of the cluster's angular velocity: , on particle properties as ω ∝ (aχ) 4/3 , and on magnetic field frequency and intensity as ω ∝ Ω 2/3 B 8/3 . In contrast, the earlier hexagonal cluster model [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF] predicted a different dependence on field precession frequency and particle susceptibility, ω ∝ Ω/χ 2 , a weak (logarithmic) dependence on R c /a, and it predicted ω to be independent of B. We note that our predicted dependence of ω on particle size arises from assuming that particle repulsion is dominated by steric interactions. A similar result would be obtained for electrostatic repulsion. Indeed, the electrostatic repulsion potential between two particles of radius a at an interparticle distance s scales as U ∝ a exp(-κs), where κ-1 is the Debye length. Therefore, the 2D elastic modulus would scale as K ∼ ∂ 2 U/∂ s 2 ∝ a, which is the same dependence as obtained for steric interactions. Therefore, the predicted parameter dependences are robust, independent of whether interparticle repulsion is dominated by steric or electrostatic interactions. Now let us extend this model to the case of binary clusters.

ω = γ ln 2/3 2 5/2 3 1/4 e 7/3 R c a ln 4/3 R c a (aχ) 4/3 Ω 2/3 B 8/3 R 8/3 c , ( 3 

Generalization of the theory to binary clusters

We consider a binary cluster of surface area A c and effective radius R c = A c /π consisting of M-450 particles (referred to as big and denoted by index 1) and M-270 particles (referred to as small and denoted by index 2). The relative fractions of the two types are

x k = N k /N (k = 1, 2)
where N k is the number of particles of species k, and N = N 1 +N 2 is the total number of particles in the cluster. Because three different kinds of dipolar magnetic interactions are present (1-1, 2-2, and 1-2), the free energy of the system becomes:

F = F 11 + F 22 + F 12 (3.23)
with F kl = (1/2)-d 3 r r r d 3 r r r ′ M k,α (r r r) • -V αβ (r r rr r r ′ ) • M l,β (r r r ′ ). Indexes α, β = x, y, z indicate the cartesian coordinates and indexes k, l = 1, 2 refer to the particle types. M k,α is the αcomponent of the magnetization of particles of type k, and -V αβ is the dipole interaction potential. The three interaction potential types are assumed to have an identical form which is similar to the one defined in Eq. (3.2). However, the regularization term 1/n is different, the 2D density of particles n is now defined as

n = n 1 + n 2 , with n k = N k /A c .
Following the same calculation as for the homogeneous case, we obtain a line tension of the same form as Eq. (3.3). Nevertheless, the cluster's magnetization M is here expressed as:

M 2 = ( M 1 + M 2 ) 2 = (n 1 V p,1 χ 1 + n 2 V p,2 χ 2 ) 2 B µ 0 2 , (3.24) 
where

M k,α = n k V p,k χ k (B α /µ 0 )
is the coarse grained magnetization of particles of type k, with V p,k = (4/3)πa 3 k the particle volume. To compare with experiments, it is useful to obtain expressions where size and composition effects appear as separate factors. For this reason, the factor n inside the logarithmic terms in Eq. (3.4) and Eq. (3.5) will be approximated by the density of a homogeneous cluster of small particles n ≈ a -2 2 /(2 √ 3). This approximation is supported by the fact that small particles are generally dominant in number. Therefore, the term ln 8R c

√ n e 7/3 ≈ ln 2 5/2

3 1/4 e 7/3 R c a 2 .
Moreover, the radius of a binary cluster can be approximated by R c ≈ 2

√ 3 π (N 1 a 2 1 + N 2 a 2 2
). The cluster volume can be estimated as V c ≈ 2πR 2 c a, where 2 a = 2(x 1 a 1 + x 2 a 2 ) is an average cluster height.

The demagnetization susceptibility expression of a homogeneous cluster, approximated as an oblate ellipsoid of minor semi-axis a, χ ′′ eff,hom = 3πau ′′ r /(8R 2 c ), can be generalized for a binary cluster by assuming the minor axis (height) of the ellipsoid to be the radius of big particles, i.e., χ ′′ eff ≈ 3πa 1 u ′′ r /(8R 

u ′′ r = 2 µ 0 A η w R 4 c ω 3/2 3 π a 1 a B 2 sin 2 θ ν 1/2 w . (3.25)
As we postulated in our previous section, cluster elasticity results from short-range steric interactions among all particles. In a binary cluster there are three types of steric contributions. Because small particles are dominant in number, we assume that the effective elastic modulus K is governed by interactions between small particles. With this hypothesis, the local deformation at radius r due to the pressure p(r) can be expressed as ε(r) = |∆r 22 |/ a 22 where ∆r 22 is the reduction of distance between two small particles subjected to pressure p, and a 22 = (N 1 a 1 + N 2 a 2 )/N 2 is the average distance over which we find a 2-2 interaction. Thus, the 2D elastic modulus of a binary cluster where small particles are dominant can be approximated by K ≈ C a 22 / ln(R c /a 2 ) , where C is a constant characterizing short-range steric repulsion between the particles. To also take into account the limit N 2 → 0 and N 1 → N, we propose the following generalization of the above expression:

K ≈ C a ln( R c a 2 ) , (3.26) 
with a = x 1 a 1 + x 2 a 2 , as previously defined. Inserting Eq. (3.25) into Eq. (3.15), together with the generalized expressions of λ anis (Eq. (3.5) with Eq. (3.24)) and K (Eq. (3.26)), gives the following expression of the cluster's angular velocity:

ω = γ ln 2/3 2 5/2 3 1/4 e 7/3 R c a 2 ln 4/3 R c a 2 (Fa 1 χ 1 ) 4/3 Ω 2/3 B 8/3 R 8/3 c , (3.27) with γ ≡ 4π 2 18Aµ 2 0 √ ν w η w η c C 2 sin 4 θ 2/3
. F is a composition factor given by:

F = (x 1 a 3 1 χ 1 + x 2 a 3 2 χ 2 ) (x 1 a 2 1 + x 2 a 2 2 )(x 1 a 1 + x 2 a 2 ) 3/4 1 a 1/4 1 χ 1 . (3.28)
F monotonically increases with x 1 , with F = (a 2 /a 1 ) 1/4 (χ 2 /χ 1 ) = 0.414 for x 1 = 0 and F = 1 for x 1 = 1. Equation 3.28 can be written as:

F = φ + φ 0 1 + φ 0 , (3.29) 
where

φ 0 = a 1/4 2 χ 2 /(a 1/4 1 χ 1 -a 1/4 2 χ 2
) is a parameter that depends only on particle characteristics, and φ is the cluster's composition parameter,

φ = F χ 1 a 1/4 1 -χ 2 a 1/4 2 χ 1 a 1/4 1 -χ 2 a 1/4 2 , (3.30) 
which increases with the proportion of big particles, from φ = 0 for x 1 = 0 up to φ = 1 for x 1 = 1. Our theoretical model indicates that the cluster's rotation velocity depends on cluster composition via the parameter φ , which is thus a more relevant descriptor of cluster composition than x 1 . In Chapter 4, we will compare the model to experiments for clusters of different sizes and compositions.

The generalized form of the cluster angular velocity Eq. (3.27) retains the same powerlaw dependencies on cluster size (ω ∝ R -8/3 c ), and on magnetic field frequency and intensity (ω ∝ Ω 2/3 B 8/3 ). In contrast, it now depends on the composition of the cluster and its particle properties as ω ∝ (Fa 1 χ 1 ) 4/3 . The latter automatically takes into account the limits of homogeneous clusters of small or big particles via the composition factor F.

The parameters present in Eq. (3.22) and its generalized form Eq. (3.27) can all be determined from the characteristics of our experimental setup, except for one single fitting parameter, η c /C 2 . Fitting this viscoelastic parameter to the experimental data allows estimating the magnetic cluster's viscosity, η c .

Disassembly dynamics

We now consider the dynamics of disassembly of a cluster subjected to a static magnetic field perpendicular to the cluster plane. Two previous studies investigated this phenomenon through experiments and numerical simulations, describing pattern formation [START_REF] Straube | Pattern formation in colloidal explosions[END_REF] and quantifying the early dynamics, where particles lose contact with each other [START_REF] Martínez-Pedrero | Field-induced sublimation in perfect two-dimensional colloidal crystals[END_REF]. Here we present a closed-form analytical model able to describe the long-term dynamics. We consider the spatio-temporal variation of the density profile, ρ(r,t), defined as the number of particles per unit area. We adopt a mean-field approach to write the conservation equation of the particle number,

∂ ρ ∂t + v ∂ ρ ∂ r = -ρ( v r + ∂ v ∂ r ) , (3.31) 
where v is the radial velocity of particles, related to the interparticle magnetic force F by v = F ξ , where ξ is the particle-substrate friction coefficient.

In the mean-field approach, the dipolar potential energy of a particle i located at a distance r from the cluster's center is defined as:

U dip = 1 2 ∑ j̸ =i U dip i j , (3.32) 
with

U dip i j = µ 0 4π χ 2 B 2 l 3 i j
is the pair potential of two parallel identical dipoles, where l i j is the distance between the two dipolar particles i and j. Assuming a triangular lattice with lattice constant l(r), the local density at a distance r from the cluster's center is given by:

ρ(r) = 2/[ √ 3 l(r) 2 ] , (3.33) 
By performing the sum in Eq. (3.32) and using Eq. (3.33), it has been shown that the dipolar potential energy depends on the local density as:

U dip = 2M 5 µ 0 4π χ 2 B 2 ρ(r,t) 3/2 , (3.34) 
where M ≈ 11.116 is a geometrical constant obtained by the sum of dipolar interactions among all particles in an hexagonal lattice [START_REF] Spiteri | Ordering of sedimenting paramagnetic colloids in a monolayer[END_REF]. Each particle is subjected to a radial magnetic force F = -∂U dip /∂ r and to viscous friction, so that its radial velocity v = F/ξ will be expressed as:

v = - ρ 1/2 β ∂ ρ ∂ r , (3.35) 
with β = (20πξ )/(3Mµ 0 χ 2 B 2 ). Using the result given by Eq. (3.31), Eq. (3.31) can be written as:

β ∂ ρ ∂t = ρ 3/2 ∂ 2 ρ ∂ r 2 + 1 r ρ 3/2 ∂ ρ ∂ r + 3 2 ρ 1/2 ∂ ρ ∂ r 2 , (3.36) 
with boundary conditions dρ/dr = 0 at r = 0 and ρ(R) = 0, where R is the cluster radius (note that R(t = 0) = R c ). To solve Eq. (3.36), we assume that the density profile can be factorized as:

ρ(r,t) = ρ 0 (t)y(x) , (3.37) 
where ρ 0 (t) = ρ(0,t) is the density at the cluster center, and x = r/R(t) is the dimensionless radial distance. The conservation law of the total number of particles N,

N = R 0 ρ(r,t)2πrdr = πρ 0 R(t) 2 I , (3.38) 
yields:

ρ 0 (t) = N πI 1 R(t) 2 ,
where I ≡ 1 0 2y(x)x dx. Therefore, Eq. (3.36) can be written as:

-2β πI N 3/2 R 4 dR dt = y 1/2 y ′′ + y 1/2 y ′ x + 3 2 y -1/2 (y ′ ) 2 1 + xy ′ 2y -1 = -α , (3.39) 
where α is a separation constant.

Integrating the temporal factor in Eq. (3.39),

2β πI N 3/2 R(t) R c R 4 dR = α t 0 dt , (3.40) 
gives the following exact solution:

R(t) 5 = R 5 c + 5α 2β N πI 3/2 t . (3.41) 
The spatial factor in Eq. (3.39) is:

y 1/2 y ′′ + y 1/2 y ′ x + 3 2 y 1/2 (y ′ ) 2 1 + xy ′ 2y -1 = -α , (3.42) 
with the following boundary conditions: y(0) = 1, dy/dx = 0 at r = 0, and y(1) = 0. By trial and error, we find that an exact solution of Eq. (3.42) that satisfies the boundary conditions is:

y(x) = (1 -x 2 ) α/4 , (3.43) 
with α = 8/3. The model's Eq. (3.41) predicts an evolution of the cluster radius R such that R 5 increases linearly with t. This result contains one single fitting parameter, which is the particlesubstrate friction coefficient ξ , contained in the parameter β . Thus, by fitting Eq. (3.41) to the experimentally observed cluster radius evolution, the model allows estimating ξ . Moreover, the model predicts that the spatial density structure of the cluster follows a normalized master curve given by Eq. (3.43).

In the following chapter, we will compare the predictions of our two models, on rotation dynamics of homogeneous and binary clusters and disassembly dynamics of an homogeneous cluster, with our experimental observations. Chapter 4

Dynamics of driven magnetic clusters: Results

In the previous section, we presented the theoretical models describing the self-assembly and rotation dynamics of paramagnetic clusters and their disassembly dynamics. In the current chapter, we will compare the experimental results with the predictions of these models. The models describing the self-assembly and rotation dynamics of paramagnetic clusters are valid only for the high-frequency regime of the rotating magnetic field. Therefore, we begin this chapter by highlighting the low-frequency regime where particles self-assemble into chains rather than two-dimensional clusters. We will focus on the rotation dynamics of chains and their transition to 2D clusters when the high-frequency regime is reached. We will also present our attempt to study the evolution of the cluster size and the difficulties we encountered due to a slight drift in our experiments. Then we will continue our chapter by comparing the dependence of the cluster rotation on the cluster size, the characteristics of the applied field, and the particles that make up the cluster. Next, we will present the evolution of the internal structure of binary clusters and study its influence on the rotation of binary clusters. Finally, we will experimentally quantify the disassembly dynamics of homogeneous clusters, characterized by the spatio-temporal variations of the density profile, and compare measurements with the prediction of our model. The main results of this chapter have been published in two articles in Soft Matter and The Journal of Chemical Physics [START_REF] Elismaili | Dissipative nonequilibrium dynamics of self-assembled paramagnetic colloidal clusters[END_REF][START_REF] Elismaili | Rotation dynamics and internal structure of self-assembled binary paramagnetic colloidal clusters[END_REF].

Self-assembly dynamics: From chains to 2D clusters

After the in-plane rotating magnetic field is applied, the particles self-assemble into rotating chains at low field precession frequency and into rotating 2D clusters at high frequencies, At very low frequencies, the paramagnetic self-assembled chains rotate in a quasi-straight shape, synchronously with the applied field. Many studies [START_REF] Melle | Chain model of a magnetorheological suspension in a rotating field[END_REF][START_REF] Melle | Microstructure evolution in magnetorheological suspensions governed by Mason number[END_REF][START_REF] Vazquez-Quesada | Theory and simulation of the dynamics, deformation, and breakup of a chain of superparamagnetic beads under a rotating magnetic field[END_REF] have investigated the rotation dynamics of these rotating chains. For instance, in [START_REF] Vazquez-Quesada | Theory and simulation of the dynamics, deformation, and breakup of a chain of superparamagnetic beads under a rotating magnetic field[END_REF] the physics of this process is explained as follows. The chain rotation is driven by the tangential component of the dipole-dipole magnetic forces, F B , exerted on particles located at the ends of the chain. The dipole-dipole forces exerted on other particles by its nearest neighbors (supposing that the influence of further neighbors is negligible) are almost balanced and they do not contribute to chain rotation. Because particles located at the ends of the chain drive its rotation, they are in advanced position relative to the rest of the chain. This results in a deflection of the chain in a S-shape (see Fig. 4.2(b)). At low frequencies, this deflection is negligible and the chain has a quasi-straight shape (see Fig. 4.1(a)).

When the frequency of the applied field increases, the viscous torque resisting the magnetic one becomes important. Thus, long S-shaped chains cannot follow the magnetic field and become unstable. Thus, they break up into smaller chains (two or three smaller chains, depending on the chain's length), which are able to follow the field (see Fig. 4.1(b)).

The breakup occurs at a point where the angle between the magnetic field and the dipole between two-consecutive particles of the S-shaped chain exceeds the magic angle (54.7 • ), so that these two particles feel a repulsive magnetic force. The emergent smaller chains will continue rotating with the field and reform the unique chain again. The reformed chain will deform and then break up again. An example of the alternating breakup and reformation of a chain is shown in Fig. 4.2(a).

At sufficiently high frequencies, even short chains are not able to follow the magnetic field. Rather, they collide with each other and form 2D clusters, which rotate at a frequency much lower than the field frequency. This phenomenon is the focus of our study

We note that the critical length for chain fragmentation depends on particle magnetization, chain rotation frequency and fluid viscosity. It scales with the inverse of √ M n [START_REF] Melle | Chain model of a magnetorheological suspension in a rotating field[END_REF], where M n is the dimensionless Mason number, the ratio between hydrodynamic drag to magnetic forces acting on a particle.

Cluster growth

As we have seen in the previous section, at high frequencies paramagnetic particles selfassemble into 2D rotating clusters. For many applications the control of cluster size is crucial. Thus, we attempt to study the change of cluster size over time, resulting from purely magnetic attraction. However, this study is limited because of particle drift in our experiments. This undesired drift causes clusters to collapse with each other instead of growing by pure magnetic attraction. Figure 4.3 shows the evolution of the average cluster size, at different particle densities (0.48 • 10 -3 , 0.63 • 10 -3 and 0.99 • 10 -3 particles per µm 2 ). We find that average cluster size increases (linearly) with time. The average growth rate has a markedly nonlinear dependence on initial particle density.

Drift

To get a better description of the growth dynamics of a magnetic cluster, we investigate the origin of the drift observed in our experiments. For this purpose, we first measure the mean square displacement (MSD) of our clusters which exhibit both rotational and translational (drift) motions. A quadratic time-dependence of the MSD (Fig. 4.4(a), red curve) confirms the directed motion of clusters. The green curve in the same figure shows the MSD after subtracting the directed motion in post-processing, which was insufficient to retrieve a pure diffusion. To understand the origin of this drift we perform the following experiments.

We measure the drift velocity in three regions of the experimental cell. If the drift was due to a global hydrodynamic current, generated by the rotation of the clusters, then we would expect to observe opposite drift directions in the "right" and "left" sides of the experimental cell's bottom plane. In our experiment, this is not the case. To determine whether the drift is of magnetic origin, we study a mixture of nonmagnetic (Spheromere-6µ m) and magnetic (M-450) particles under a rotating magnetic field (Fig. 4.4(b)). The magnetic particles form 2D clusters, which rotate and drift. The nonmagnetic particles do not aggregate and they slowly move towards one certain side of the coil setup. Such slow sideways motion of nonmagnetic particles is observed even in the absence of magnetic particles. This suggests that the drift has a non-magnetic origin, which could be a temperature or a gravitational gradient.

Such drift can have some applications in microfluidic devices, such as mixing. However, in our current study, drift precludes us from properly studying cluster growth. Thus, we decided to focus on characterizing instantaneous cluster rotation. We thus need to follow the rotation of a given cluster for a long enough time to get good statistics. This requires us to minimize drift. Compensating the drift is possible either with a gravitation force, by tilting the experimental cell, or by decreasing the magnetic field intensity, or both. Tilting the setup has a negative impact on the image quality. That's why decreasing the field intensity is the best choice for reducing the drift strength. The magnetic filed intensities and frequencies used in this study result in a weak drift which does not affect our investigation of the cluster rotation dynamics. In the following sections, we will present our main results from this experimental study on the dynamics of two-dimensional clusters at the high field frequency regime, and the disassembly dynamics. In our experiments, we observe that for a sufficiently high precessing magnetic field frequency, particles self-assemble into rotating 2D clusters with different sizes (see Fig. 3.3(b)). The angular velocity of the cluster, ω, depends on the cluster's area A c , i.e., on the number of particles forming the cluster, and on the magnetic field frequency Ω. By fitting the model's single parameter to the experiments, we obtain a cluster viscoelastic ratio η c /C 2 = 5.6 × 10 -14 N•s•m -1 •Pa -2 . To further characterize the viscoelastic properties, we need to estimate C, a constant with units of pressure related to cluster elasticity arising from steric interactions. Because the value of C is very sensitive to the nanoscale characteristics of the particle coating, whose accurate determination is difficult, we proceed by a direct measurement of cluster elasticity. We measure cluster deformation when the field increases from B = 0.5 mT to B = 1 mT. The pressure exerted on the cluster depends on B through the isotropic component of the line tension, p c = λ is /(4πR c a). The variation of the pressure due to the change of the field intensity can be expressed as follows:

Rotation dynamics of homogeneous self-assembled clus-

∆p c = ∆λ is /(4πR c a) = π 27µ 0 ln(1.58 Rc/a)a 2 χ 2 ∆(B 2 ) . (4.1) 
By measuring the resulting decrease in cluster radius |∆R c |, cluster elasticity can be estimated from the previously stated relationship, |∆R c | = R c a ε(r)dr. We have:

∆p c a = K |∆R c | R c . (4.2)
Replacing ∆P c and the 2D elastic modulus K defined in Eq. (3.21) by their expressions yields to the following expression of the elasticity coefficient:

C = aχ 2 108µ 0 ln(1.58 Rc/a) ln(Rc/a)∆(B 2 )/|∆R c | . (4.3)
This gives an estimate of the elasticity coefficient C = 7.7 ± 1.0 Pa, leading to to an estimate of the 2D cluster viscosity η c = (3.5±0.6)•10 -12 N•s•m -1 , a comparable value to previously reported for hexagonal magnetic clusters [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF].

In Fig. 4.5(b), we note that the collapse between the data corresponding to different Ω, while satisfactory, is not perfect. However, the scaling dependence predicted by our model ω ∝ Ω 2/3 performs much better than the prediction of the hexagonal cluster model, ω Hex ∝ Ω, both when applied to our data and to the previously published hexagonal cluster data [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF] (Fig. 4.5(c)). In Fig. 4.5(c) we observe that both our model and the earlier hexagonal model [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF] correctly predict the hexagonal data at large precession frequencies but not at lower ones. Indeed, at precession frequencies lower than about 100 s -1 , the magnetic susceptibility tensor of the cluster becomes anisotropic [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF], inducing faster rotation than the viscoelastic deformation mechanism considered in our model. ) collapse with each other, and an excellent agreement between theory and experiments is found, especially for larger clusters. We also performed experiments at a larger field strength (B = 3 mT). However for such such high value the dynamics is no longer well described by our model (see Fig. 4.7). We can remark in Fig. 4.7(b) that the curve corresponding to B = 3 mT does not fit with other curves corresponding to lower intensities B = 1 mT and 2 mT. For B ≥ 3 mT, magnetic forces may overcome gravity and we observe the formation of clusters with vertically superimposed particles, a configuration that is no longer accounted for by our theory. [START_REF] Fonnum | Characterisation of Dynabeads by magnetization measurements and Mössbauer spectroscopy[END_REF] (see Table 3.1). ). When normalized by our prediction, for large clusters the two curves collapse into a master curve that is in excellent agreement with the prediction of our mean-field model. We have performed a direct measurement of the magnetic susceptibility χ of the particles to verify the values reported in the literature [START_REF] Fonnum | Characterisation of Dynabeads by magnetization measurements and Mössbauer spectroscopy[END_REF]. In the experiment, we have tracked the distance between two particles far from any other particle under the action of a vertical static magnetic field. Balance between particle repulsion and viscous friction, which we suppose dominated by Stokes drag, leads to the theoretical prediction of the interparticle radial velocity:

Dependence on magnetic field strength

Dependence on particle characteristics

v = dr dt = - ∂U mag ∂ r 6πηa = 2B 2 9η µ 0 χ 2 a 5 r 4 (4.4) with U mag = µ 0 4π χ 2 B 2 r 3 ,
where B is the magnitude of the field, η the fluid's dynamic viscosity, µ 0 the vacuum permeability, a the particle radius, and r the interparticle distance. We fit this law to measurements of v = f (r) for both particle types, M-450 and M-270, as shown in Fig. 4.9. The experiment is repeated for 20 particle pairs of each type. The experiments are performed under two different field magnitudes for the two particle sizes (B = 1 mT for M-450 and B = 4 mT for M-270) in order to keep an approximately constant value of Γ mag = U mag /(k B T ). The slope of the fits shown in Fig. 4.9 is constrained by the theoretical prediction v ∝ r -4 , whereas the intersect of each fit with the vertical axis provides the estimate of χ. The resulting estimates of the magnetic susceptibilities are χ 1 = 1.15 (M-450 particles) and χ 2 = 0.64 (M-270 particles), whereas the literature values are 1.63 and 0.76, respectively [START_REF] Fonnum | Characterisation of Dynabeads by magnetization measurements and Mössbauer spectroscopy[END_REF]. The difference may be due to the fact that our values are obtained by neglecting solid friction between particles and the substrate, which is actually non-negligible. Moreover, particle diffusion in our experiments is significant and introduces large experimental variability, as shown by the large error bars in Fig. 4.9. We note that in measuring v = f (r) we have corrected for the diffusive effect on radial velocity v by measuring the particle displacement along the initial interparticle direction, and not as the increase in interparticle distance, which would lead to an overestimate of v due to particle diffusion. The key parameter when comparing our theoretical model of the dynamics of cluster rotation to the experiments is the ratio of magnetic susceptibilities, χ 1 /χ 2 . The value of this ratio is 1.80 for our experimental estimates and 2.14 for the literature values used in this study. Using our experimentally obtained χ 1 /χ 2 ratio rather than the literature value would lead to changing Fig. 4.8(b), which would look as shown in Fig. 4.10. The normalization remains satisfactory for the experimentally obtained value of the ratio χ 1 /χ 2 , but it is less good than using the literature values. Because of the significant uncertainty in our direct determination of the values of χ due to the reasons explained above, in our study we have used the values of χ reported in the literature [START_REF] Fonnum | Characterisation of Dynabeads by magnetization measurements and Mössbauer spectroscopy[END_REF].

Rotation dynamics of binary self-assembled clusters 4.5.1 Dependence on cluster composition

We next study clusters assembled from a binary mixture of M-270 and M-450 particles. Under the action of a coplanar, fast rotating magnetic field (θ = 90 • , B = 1 mT and Ω = 660 Hz) dipolar attractive interactions among all magnetized particles lead them to self-assemble into 2D rotating binary clusters with different sizes and compositions. The angular velocity of cluster rotation, ω, depends on cluster size, as we reported above for homogeneous clusters. For binary clusters, ω also depends on cluster composition, which we quantify by the composition parameter φ defined by Eq. (3.30). We recall that φ quantifies the proportion of big particles (x 1 ), and it ranges from φ = 0 for x 1 = 0 to φ = 1 for x 1 = 1. Figure 4.11(a) shows the angular velocity ω as a function of cluster size A c for different compositions φ . We observe that ω decreases with cluster size, as reported in previous sections, and that it increases with the composition parameter φ . Increasing φ makes the curve ω(A c ) smoothly transition from a lower limit corresponding to a homogeneous hexagonal compact cluster of small particles (φ = 0) to an upper limit corresponding to a homogeneous cluster of big particles (φ = 1). Interestingly, beyond a threshold φ ≈ 0.5, ω has already almost reached the upper limit and no longer evolves. This observation is explained by the mathematical expression of the composition factor F (Eq. (3.28)), whose sensitivity to x 1 decreases as x 1 increases. Thus, above this composition threshold, which in our experiments corresponds to a big particle number fraction x 1 ≈ 0.2, a hybrid binary cluster of small and big particles rotates with the same velocity as a homogeneous big particle cluster of the same size. Figure 4.11(b) shows the angular velocity normalized according to our theoretical model, Eq. (3.22). Our theoretical normalization makes all experimental curves collapse onto each other, leading to a master curve that follows the theoretical prediction. The generalized theoretical model (Eq. (3.27)) includes one fitting parameter corresponding to the cluster's viscoelasticity. The best fit to the data of binary clusters is consistent with the previously reported fit for homogeneous clusters, leading to a similar estimate of the 2D homogeneous cluster viscoelastic ratio η c /C 2 = 5.6 × 10 -14 N•s•m -1 •Pa -2 . The agreement shown in Fig. 4.11(b) demonstrates that our generalized model describes well the rotation dynamics of binary self-assembled clusters, including its dependence on both cluster size and composition.

Internal structure of binary self-assembled clusters and effect on rotation dynamics

Next, we investigate the self-organization of big and small particles within the binary clusters, as well as the effect of the cluster internal structure on its angular velocity. We characterize the average internal structure by the mean radial position of big particles, which is defined as: 

d = 1 N 1 N 1 ∑ j r 1, j , (4.5) 
R c a 2 ) ln -4/3 ( R c a 2 )
and F a parameter that depends on cluster composition and particle characteristics (Eq. (3.28)). The continuous red line is a fit using Eq. (3.22). Experiments are performed with θ = 90 • , B = 1 mT and Ω = 660 Hz. Error bars are standard errors over clusters from 14 different experiments.

where r 1, j is the radial distance from the cluster's barycenter to big particle j, and N 1 is the number of big particles in the cluster. We note that, for a uniform distribution of big particles, d = 2 3 R c . Figure 4.12(a) shows the temporal evolution of the normalized mean radial distance, d/R c , for clusters of different compositions (0.15 ≤ φ ≤ 0.8). We observe that in all cases d/R c < 2/3 and that d/R c decreases over time, as big particles tend to gather and approach the cluster's center. We attribute these observations to the stronger dipolar interaction between M-450 particles than between M-270 particles, due to their larger total magnetic susceptibility. Therefore, the binary cluster behaves like a drop formed by a mixture of two immiscible liquids with different surface tensions. The liquids segregate over time, with the one having a larger surface tension occupying the inside of the drop, thus minimizing the system's free energy [START_REF] Adam | The Physics and Chemistry of Surfaces[END_REF]. Similarly, M-450 particles tend to segregate from M-270 particles and occupy the innermost region of the cluster. The inset of Fig. 4.12(a) shows that d/R c increases with R c . Indeed, for a given experimental time, larger clusters have finished forming more recently than smaller clusters. Therefore, big particles in larger clusters have had less time to segregate, leading to a larger average value of d/R c , which nevertheless remains below the value of 2/3 corresponding to perfect mixing.

We also investigate the orientational isotropy of cluster structure, quantified by the azimuthal order parameter Q, defined as:

Q = < cos(Θ) > 2 + < sin(Θ) > 2 , (4.6)
where Θ is the azimuthal angular coordinate of big particle j with respect to the cluster center. Angle brackets denote statistical average over the N 1 big particles in the cluster. The evolution of Q with cluster size computed for different experimental times is presented in Fig. 4.12(b). For smaller clusters, random fluctuations have a large effect on Q, which leads to the apparent increase in alignment observed in Fig. 4.12(b). However, Q tends to 0 for larger clusters consisting of many particles. Overall, our observations lead us to conclude that the binary clusters exhibit an isotropic particle distribution and that M-450 particles are not aligned in a specific direction at any of the reported times, as expected given that the observable effect of dipolar interactions becomes isotropic at high rotation frequencies.

The addition of big particles to a cluster consisting mainly of small particles can be viewed as the inclusion of an impurity that perturbs the cluster's internal order. We have quantified this effect by computing the bond orientational order parameter of the small particles in the cluster, defined as: where r r r j is the position of small particle j, which is surrounded by N N, j small particle neighbors. θ jk is the orientation of the vector linking particle j to its neighbor particle k. The modulus of ψ 6 is 1 for a perfect hexagonal array, and it decreases as the system becomes disordered. The average value of |ψ 6 | as a function of the cluster composition φ is shown in Fig. 4.12(c). For a homogeneous cluster of small particles (φ = 0), ⟨|ψ 6 |⟩ is close to 1, indicating an ordered system. As expected, the inclusion of big particles, quantified by the increase of φ , leads to disorder, as indicated by the decrease of ⟨|ψ 6 |⟩.

ψ 6 (r r r j ) = 1 N N, j N N, j ∑ k=1 e 6iθ jk , (4.7 
To further investigate the internal structure of the binary clusters, we compute local order parameters for the big (M-450) particles: their radial distribution function, g(r), and their first coordination number. Because we have data for finite clusters of different sizes, the calculation of g(r) is not trivial and must be performed carefully. We have derived a calculation method that properly takes into account boundary effects, which is detailed in Appendix A. Figure 4.13 shows that at all times M-450 particles exhibit order at short distances. However, at distances longer than a few times the particle radius, this order is completely lost. We note that the peaks of the g(r) beyond the first are closer than expected in a perfect crystalline triangular lattice. We attribute this deviation from crystalline order to the presence of M-270 particles. For example, the location of the second peak of the g(r) corresponds to two big particles separated by a small particle. The height of the first peak increases over time, reflecting the tendency of big particles to approach each other, as discussed above. This tendency is confirmed by the evolution of coordination number, shown in the inset. The inset represents the probability P i for a given M-450 particle to have i M-450 neighbors. Two M-450 particles are considered as neighbors if they are separated by a distance r ≤ (2a 1 + a 2 ). At short time (10 min), about half of the M-450 particles do not have any neighbors, but the fraction decreases over time. Conversely, the fraction of M-450 particles having one or more neighbors increases over time. The evolution of P i is in agreement with the conclusion that big particles tend to approach each other and segregate from the small particles.

Finally, we investigate whether the internal cluster structure has an effect on the dynamics of cluster rotation. Whereas the internal structure evolves over time, as demonstrated above, Fig. 4.14 (a) shows that the angular velocity normalized for cluster composition exhibits the same dependence on cluster size at short, intermediate, and long times. Observations at all times are well described by the theoretical model (red line), which was derived by assuming a perfectly mixed binary cluster. We thus conclude that the effect of cluster internal structure on its rotation dynamics is negligible. This conclusion is confirmed by Fig. 4.14(b), which shows that the angular velocity normalized by both cluster size and composition is independent at all times of the value of the cluster internal structure parameter d/R c . This rather surprising observation can be rationalized by the fact that cluster rotation arises from viscoelastic deformation waves driven by line tension, an interfacial effect that is little affected by inner cluster rearrangements.

Disassembly dynamics

Upon application of a vertical magnetic field (θ = 0 • ), a previously assembled homogeneous M-450 cluster disassembles and spreads. A quasi-triangular lattice was observed with a local density ρ depending on radial position r and time t. Figure 4.15(a) shows experimental snapshots for a cluster of 47 particles exposed to a magnetic field of strength B = 0.9 mT. Figure 4.15(b) shows an evolution of the cluster radius such that R(t) 5 increases linearly with t, as predicted by Eq. (3.41). By fitting the experimental data we estimate a particle-substrate friction coefficient ξ ≈ 1.8 × 10 -7 Pa•s•m. This value is about 4 times larger than the friction coefficient due to Stokes drag on a spherical particle, which indicates that substrate friction dominates over hydrodynamic drag, as assumed in our model. The spatial dependence of the the density profiles is shown in Fig. 4.15(c). As shown in the figure, the normalized density profiles at different times collapse into a master curve that is well described by our theoretical model, Eq. (3.43). Overall, we conclude that our theoretical model of cluster disassembly provides an excellent description of both the spatial and temporal behaviors observed in the experiments. Simulations of two-temperature systems: Methods

In this second part of the thesis, we study, through molecular dynamic simulations, a twodimensional binary mixture of scalar active and passive (or less active) particles as an idealized model of certain biological (such as tissue of two types of cell) and hybrid biocomposite aggregates (nano-particles embedded in a cellular tissue) of living organisms.

In this first chapter we present first our two-temperature model representing a mixture of scalar active and passive species. In this study, we model two systems: a homogeneous binary system and an interfacial binary system with planar interfaces. Then we describe the simulation approaches used to define the reference systems at thermodynamic equilibrium, and how we drive them out of equilibrium by controlling the activity (temperature) differences between the two spices. We systematically investigate the effect of varying the temperature difference between the two species on the phase behaviour and properties. Finally, we present the computational aspects used to study the thermomechanical properties of the homogeneous system and those used to probe the interfacial properties of the interfacial system, as well as other physical quantities that allow the quantification of phenomena induced by activity, such as phase transition and segregation.

Model of active-passive mixture

We study a two-dimensional mixture consisting of two species of Lennard-Jones (LJ) particles held at two different temperatures, representing an active species and a passive (or less active) one. Here, active particles represent biologically active species characterized by shape fluctuations leading to enhanced non-directional motion rather than directional one. Hence, the scalar activity of each species is modeled by an effective temperature [START_REF] Grosberg | Nonequilibrium statistical mechanics of mixtures of particles in contact with different thermostats[END_REF]. The effective temperature of species i, T i , is related to its measurable average one-particle kinetic energy, E k,i , by ⟨E k,i ⟩ = k B T i , where the angle brackets denote the statistical average, k B is the Boltzmann constant, and i = 1, 2 (hot and cold are denoted 1 and 2, respectively; T 1 > T 2 ).

The system is driven out of equilibrium by imposing a different temperature to each species.

To prevent temperature homogenization by particle collisions, we link each of the two species to a different thermostat. To measure the activity level of the system, we adopt two equivalent definitions of activity: the activity ratio α = T 1 /T 2 and the activity difference

∆T = T 1 -T 2 = T 2 (α -1). α = 1 (∆T = 0) corresponds to a classical (one-component) LJ
system with a uniform temperature. More details are in Section B.1 of Appendix B.

The system consists of N = N 1 + N 2 particles (N 1 hot particles and N 2 cold particles) interacting via a shifted and truncated Lennard-Jones potential:

φ i j (r) =    4ε i j σ r 12 -σ r 6 -u 0 if r ≤ r c 0 if r > r c , (5.1) 
where r c = 2.5 σ is the cut-off distance and u 0 = -0.0163 ε i j is the shift of the potential, guaranteeing the continuity of the pair potential at the cutoff. σ and ε i j are the particle diameter and the depth of the potential well for interactions between species i and j. We assume that all particles have the same mass m and size σ .

In what follows, we use reduced Lennard-Jones units based on m, σ , ε 11 , σ (m/ε 11 ) 1/2 , and ε 11 /k B as units for mass, length, energy, time and temperature, respectively. The relative fraction of particles i in the mixture is x i = N i /N (i = 1, 2), where x 1 + x 2 = 1. The global average temperature of the system is defined as

T * = x 1 T 1 + x 2 T 2 .

Simulation approaches

We perform molecular dynamics simulations using LAMMPS code [START_REF] Plimpton | Fast parallel algorithms for short-range molecular dynamics[END_REF]. We start by building an equilibrated binary system (the two types of particles have the same temperature, α = 1). Then we drive the system out of equilibrium by increasing α in order to investigate the activity effect on the structure, dynamics and thermodynamics of the binary system. Temperatures of the the two types of particles are controlled by linking each species to a different thermostat. LAMMPS provides different methods for thermostatting, the most common ones are Nosé-Hoover thermostat and Langevin thermostat. In the following subsections, we present the parameters used for both Langevin and Nosé-Hoover thermostats and compare their performances in the context of our two-temperature model. Then, we present the two binary systems studied in this thesis, which are a homogeneous binary system and an interfacial binary system of active and passive particles.

Thermostatting: Langevin vs. Nosé-Hoover (NH) methods

Our tests show that both thermostats can be used to prevent temperature uniformity in our systems for α > 1. Simulations run with different values of the t damp parameter, for both thermostats, show that the choice of the thermostat characteristic damping time, t damp , is crucial. We find that the NH thermostat with a damping time of t NH damp = 0.1 (LJ time units) is a good choice to maintain the temperature of each particle type within a 2% of the prescribed temperatures. However, the Langevin thermostat requires a much smaller damping time, t Lang damp = 0.01 (LJ time units). This low value keeps the temperatures of the two species within a 2% of their desired values, whereas larger values of the t Lang damp parameter led to temperature uniformity between the two species. For Langevin thermostat, the damping time, t damp = m/ζ , is inversely proportional to the solvent viscosity ζ . Because the required value of t Lang damp is small compared to the LJ unit time, particle diffusion coefficients are also small, and this requires longer simulation times in order for the system to reach its steady state.

In Fig. 5.1(left), we compare the MSD of a one-component liquid, at the temperature T = 0.7 and pressure P = 2, obtained from the NVT simulations with a NH thermostat (for different values of t NH damp ) with the MSD obtained from the NVE simulation. We find that the curves corresponding to t NH damp ≤ 0.1 reproduce well the MSD curve obtained from the NVE simulation. The radial distribution function is found to be independent on the choice of t NH damp (see Fig. 5.1(right)), as expected. Table 5.1 Diffusion coefficient D for a mono-component system at pressure P = 2 and temperature T * = 0.9 (liquid) with the Nosé-Hoover thermostat (with t NH damp = 0.1), Langevin thermostat (with t Lang damp = 0.01), or the microcanonical ensemble NVE (after an equilibration in the NPT ensemble).

Thermostat

NVE Nosé-Hoover Langevin Diffusion coefficient D 0.1575 0.1425 0.002

In another test, we have compared the particle diffusion coefficients D of a one-component system in a liquid state at the temperature T = 0.9 and pressure P = 2 when the system is connected to a Nosé-Hoover thermostat or a Langevin thermostat (with t NH damp = 0.1 and t Lang damp = 0.01, respectively), and when the system evolves in the NVE ensemble. In the latter case, the MD simulation is performed in the microcanonical ensemble (NVE) after an equilibration in NPT ensemble. Table 5.1 shows a very small value of D when a Langevin thermostat is used compared to the value obtained from the NVE simulation. Therefore, the diffusion of particles is very restricted due to the high viscous medium surrounding them. In contrast, the value of D obtained with the Nosé-Hoover thermostat is comparable to that obtained in the NVE ensemble. This means that for this t NH damp , particles diffuse quasi-naturally. However, as shown above and in general, the NH thermostat can influence the diffusion [START_REF] Frenkel | Understanding Molecular Simulation: From Algorithms to Applications[END_REF].

In this thesis, we have performed two-temperature simulations with both the Langevian and the Nosé-Hoover thermostats. Our diffusion study suggests that the second approach is more appropriate if we want to investigate dynamic properties. On the other hand, if we are mainly interested in static properties, the Langevin thermostat may be more convenient if we want to keep the pressure constant in a two-temperature simulation, since LAMMPS allows us to equilibrate the system in the NPH ensemble coupled with the Langevin thermostat.

Homogeneous reference system

In this first study, the temperature of each species is set using the Langevin thermostat. In our simulations we set t damp = 0.01 LJ time units. At steady-state, the thermostat provides a continuous energy flux to the hot particles which is removed from the cold particles. We have calculated this steady-state energy flux and verified that it is null when ∆T = 0. When ∆T > 0, however, we measure an energy flux that increases with the prescribed value of ∆T , whereas it depends very weakly on the average temperature T * . We verify that, at steady-state, this energy flux is constant over time and that the energy flux added to the hot particles is equal to that removed from the cold particles. For instance, for ∆T = 0.6 and for all average temperatures 0.5 ≤ T * ≤ 0.7 we obtain a flux of about 0.20 (LJ units of power).

Table 5.2 summarizes the simulation parameters. Each simulation series is defined by a set of parameter values ∆T , x 1 , ε 12 . For each series, we study different cases by gradually increasing the average system temperature, T * = x 1 T 1 + x 2 T 2 , while fixing the pressure P = 2 (we chose this pressure value in order to compare with previously published studies of our group). The initial particle configuration for the first case in each series is a triangular array of particles with random initial velocities. The initial spots within the array of particles of types 1 and 2 are chosen at random to produce an initial configuration that respects the prescribed value of x 1 . The temperature T * of the initial case is sufficiently low so that the system is at a solid state. For the following cases in the series, each having a higher temperature than the previous one, the initial particle configuration is taken as the final configuration of the previous case. All simulations are performed with a MD integration time step dt = 0.0025. Results for each T * are obtained after four stages. Stage 1 consists in using the isoenthalpic-isobaric ensemble NPH with a Nose-Hoover barostat coupled with a Langevin thermostat (NPH-L). The system is heated at a rate dT/dt = 10 -5 until the desired temperature is reached. Then, as stage 2, it is stabilized for an additional 7 • 10 6 time steps. The simulation is then continued using the microcanonical ensemble NVE coupled with a Langevin thermostat (NVE-L), and with the volume fixed at the equilibrium value reached in the NPH-L simulation (stage 3). The system is let to equilibrate for 3 • 10 6 time steps. Finally, as stage 4, results are obtained by averaging the statistics over an additional 8 • 10 6 time steps. We verify that the pressure at this final stage fluctuates around a mean value of P = 2 and with a standard deviation of about 5%. The number of simulation steps was chosen by performing a convergence analysis of the thermomechanical characteristics of the mixture. In order to improve the accuracy of the results, each simulation series is repeated 8 independent times, each time using different initial velocities and different seeds for the random number generators. We report the average values and standard deviations over the 8 MD runs.

To illustrate the nature of our simulations, Fig. 5.2 shows snapshots of a binary systems with x 1 = 0.5, ε 12 = 1. For ∆T = 0 (see 5.2 (a) and (b)), the system is equivalent to a one-component system at equilibrium, and it is solid at T * = 0.5 and liquid at T * = 0.7. Next, we include activity into the system, ∆T = 0.6, which reaches an "equilibrated" steadystate. Species 1, represented by red disks, are the hotter or active particles, and species 2, represented by blue disks, are the colder or passive particles. Plots (a and c) correspond to T * = 0.5, where the system is at the solid state and the particles are ordered. In plots (b and d), corresponding to T * = 0.7 which is above the solid-liquid phase transition temperature, they appear to be disordered. The two species are mixed without marked segregation for the four cases (slight segregation of cold particles can be observed in (d)). For ∆T = 0.6, the hotter particles appear to be slightly more disordered than the colder particles, as will later (next chapter, Fig. 6.7) be confirmed by comparison of their respective partial radial distribution functions.

Interfacial reference system

As we have seen in the state of art presented in Chapter 2, activity difference favors the demixing of a binary mixture and in certain cases induces phase separation. Thus, activity leads to formation of interfaces separating the two species, coexisting phases, or even both. Herein, we put a special interest on systems presenting interfaces in out-of-equilibrium states.

Here we choose as a reference system a simple heterogeneous system with a planar interface separating the coexisting gas and liquid phases. In order to define the strategy and different parameter values to form our reference interfacial system, such as the temperature and the global density, we have plotted isotherms (in the pressure-density plane) at different temperatures, shown in Fig. 5.3, of a simple (one-component) LJ system with σ = 1 and ε 11 = ε 22 = ε 12 = 1. Fig. 5.3 shows that the system develops stable planar interfaces only at temperatures well below the critical temperature (T c = 0.459 [START_REF] Smit | Vapor-liquid equilibria of the two-dimensional Lennard-Jones fluid(s)[END_REF]) of this truncated and shifted LJ fluid at T = 0.4 and T = 0.42 (interfaces at T = 0.4 are slightly smoother than those at T = 0.42). For higher temperature, T = 0.45 (see the third snapshot, from left to right, in Fig. 5.3) the two coexisting phases do not develop planar interfaces. The interfaces developed at T = 0.4 are more stable and smooth (see the second snapshot, from left to right, in Fig. 5.3), Therefore, we choose this temperature as our reference temperature. For the isotherm T = 0.4, the saturation pressure is about P sat = 0.007 , and the saturated gas and liquid densities are ρ g = 0.03 and ρ l = 0.73 (see Fig. 5.3). We note that some pressure values along the isotherm are negative. At T = 0.4, planar interfaces have been found in the range of global density 0.2 ≤ ρ ≤ 0.57. We choose the density where each phase occupies about the half of the simulation box. In our case, a density near 0.35 seems a good choice. Thus, we set our reference system at T = 0.4, P = P sat = 0.007 and a density near ρ = 0.35.

To form a gas-liquid interfacial system, we first prepare two separate rectangular boxes for liquid and gas of equal width (along x) and comparable height (along y) at T = 0.4 and the corresponding saturation pressure P sat = 0.007. In this preparation phase, we perform molecular dynamics (MD) simulations in the NPT ensemble. The initial densities of the gas and liquid boxes are set near the required coexisting gas and liquid densities at T = 0.4, ρ g = 0.02 and ρ l = 0.74. A barostat is applied in the y-direction only, to keep the same width for both boxes, thus facilitating their later merging. After an equilibration phase of 1 • 10 6 MD steps, we merge the two boxes (of final densities ρ g = 0.025 and ρ l = 0.743) along the y-direction. Simulations for each value of α are performed independently of each other, with the prescribed temperatures T 1 and T 2 imposed from the beginning of the simulation. To stabilize the system upon merging, we perform a short relaxation of 1000 MD steps. We thus obtain a merged simulation box of dimensions L x = 74.95 and L y = 182.18, with periodic boundaries. The average density is ρ = N/S = 0.365, where S = L x L y denotes a two-dimensional volume. The particles that are initially in the liquid box are labeled as species 2 (cold) and those initially in the gas box are labeled as species 1 (hot). By translating the center of mass of the whole system to the center of the box, we visualize the system as two gas regions with a liquid region in between. Thus, we obtain two one-dimensional gas-liquid interfaces parallel to the x-direction (see Fig. 5.4(a)). We note that our system is large enough to avoid interactions between liquid-gas interfaces. The parameters used in our simulations are shown in Table 5.3.

After the setup of the interfacial system, we enter the "equilibration" phase, in order to reach the steady state for a given α. To do this, we set the temperature of each species to the desired temperature (imposed by the choice of α) using the Nosé-Hoover thermostat with a damping time t NH damp = 0.1 (LJ time units). We verify that the thermostat keeps the average temperature of each species within 2 % of the prescribed temperature. We stabilize our interfacial system by performing a canonical ensemble simulation (with two Nosé-Hoover thermostats) for 2 • 10 6 MD steps to reach the steady state. We note that the steady state for α > 1 does not refer to a thermal equilibrium between the two types of particles. Following Table 5.3 Summary of the simulation parameters for the second study. Values in boldface are kept constant throughout this study. Values in non-bold typeface define our reference conditions but change for different cases. Values are expressed in Lennard-Jones units, with m, σ , ε 11 and ε 11 /k B as units of mass, length, energy and temperature, respectively. ( * ) At the production phase, for having better statistics we decrease the simulation time step by the half, dt = 2.5 the "equilibration" phase, we perform a final production phase of 2 • 10 6 MD steps to obtain statistical averages. In the preparation and equilibration phases, the simulation time step is dt = 0.005. However, in the production phase we used half of this time step to improve the statistical accuracy of the results. In all runs, periodic boundary conditions are applied in xand y-directions. Fig. 5.4(b, c) shows the steady states for α = 1 and α = 1.4. We see from panel (b) that, for α = 1, both the liquid and the gas regions contain homogeneous mixtures of the two species, which are the same particles in this trivial case. Panel (c), for α = 1.4, is much more complex and will be analyzed in the next chapter. Our idea is to develop an equilibrium system (with α = 1) with a fluid-fluid interface, then drive it out of equilibrium and see how its interfacial properties change with activity. In addition to the gas-liquid interfacial system, we also attempted to develop a liquid-liquid interface by adjusting the parameters of the LJ potential. The results of these simulations can be found in Section B.2 of Appendix B. The simulations were performed at pressure P = 2 and temperatures T = 0.7, 0.8, 0.9, and 1.0 in the NVT ensemble, with V fixed at the equilibrium value reached during the NPT simulation. The simulation starts with two slabs of the same size, each consisting of one type of particle (boundary conditions are applied in all Table 5.4 Results of K and G calculated from the independent Hooke's constants B (see [START_REF] Li | Glass transition of two-dimensional 80-20 Kob-Andersen model at constant pressure[END_REF]) for a solid at T = 0.5 and liquid at T = 0.7, at P = 2. truncated and shifted Lennard-Jones potential [START_REF] Xu | Impulsive correction to the elastic moduli obtained using the stress-fluctuation formalism in systems with truncated pair potential[END_REF]. However this formalism was developed for a thermally equilibrated system. Thus, it is not directly applicable to a system with two temperatures. It can be used only to give estimate thermomechanical properties of a well mixed binary system operating near equilibrium (small temperature difference). This will be discussed again in the next chapter.

T ε K = B 11 +B 22 2 G 1 = B 11 -B 12 2 G 2 = B 66 |B 11 -B 22 | K (×10 -3 ) 0.

Properties of the heterogeneous system

Local properties: density, pressure and temperature

The presence of interfaces makes intensive properties, such as the density and the pressure tensor, non-uniform. In our two-temperature system (α > 1), it is necessary to monitor the local temperatures as well. Following the geometry of the system, we denote by ρ c (y), ρ h (y) the local densities of the cold and hot species, respectively. The total density is thus ρ(y) = ρ c (y) + ρ h (y). The normal pressure is noted P N (y) = P yy (y), where P yy is the yy component of the pressure tensor. The tangential pressure is noted P T (y) = P xx (y), where P xx is the xx component of the pressure tensor. The local temperatures are denoted by T c (y) and T h (y) for the cold and the hot component, respectively.

Whereas the local density and temperature are straightforward to compute, there is no unique definition of the local pressure tensor [START_REF] Allen | Computer Simulation of Liquids[END_REF]. The two widely used definitions are the Irving-Kirkwood (IK) and Harisima (H) expressions. They give the same P N but different P T [START_REF] Allen | Computer Simulation of Liquids[END_REF]. It has been pointed out that LAMMPS calculates the virial part of the pressure tensor using a local form that is equivalent to a truncated form of the Irving-Kirkwood expression, called IK1 method [START_REF] Smith | The importance of reference frame for pressure at the liquid-vapour interface[END_REF]. It has been shown that the normal pressure profile calculated using IK1 yields a non-physical fluctuation near an interface, which violates normal force balance, unlike the Irving-Kirkwood and Harisima methods, which yield a constant P N (y), as physically expected [START_REF] Allen | Computer Simulation of Liquids[END_REF][START_REF] Smith | The importance of reference frame for pressure at the liquid-vapour interface[END_REF]. This artefact can be corrected by smoothing out this local fluctuation in normal pressure. Moreover, the fluctuation in P N (y) is symmetric around zero, and it cancels out when we compute the surface tension (see below). On the other hand, the tangential pressure profile of IK1 is found to be numerically identical to that of the IK method [START_REF] Smith | The importance of reference frame for pressure at the liquid-vapour interface[END_REF].

To calculate local properties, the simulation box is divided into 80 horizontal slabs of thickness ∆y = 2.28σ . Total and partial density and temperature profiles, as well as tangential and normal pressure profiles, are calculated as averages over 2 • 10 5 configurations.

Surface tension of the gas-liquid interface

From P N (y) and P T (y), we can compute the liquid-gas surface tension γ via the virial method [START_REF] Rowlinson | Molecular Theory of Capillarity[END_REF]:

γ = 1 2 L y /2 -L y /2
[P N (y) -P T (y)] dy, (

where the presence of two symmetrical gas-liquid interfaces is taken into account by the coefficient 1/2. The integration limits must be modified to exclude the solid phase, if present (more details will be given in the next chapter). Equivalently, during a simulation, the following expression can be used:

γ = S 2L x ⟨ PN -PT ⟩ , (5.5) 
where S = L x L y , < ... > denotes statistical average over independent configurations, and the overbars in PT and PN indicate average of the pressure tensor components over the whole volume (for a given configuration). As discussed above, despite the small artefact in P N caused by IK1 method (implemented in LAMMPS), the surface tension calculated using Eq. (5.4) (or Eq. (5.5)) is correct [START_REF] Smith | The importance of reference frame for pressure at the liquid-vapour interface[END_REF]. We avoid implementing the IK and H methods outside LAMMPS because they require the storage of a large number of configurations for post-processing, and they are not essential for the calculation of the surface tension.

Order parameters

We define the positions of the two gas-liquid interfaces at the maximum of the first derivative of density, ∂ ρ/∂ y. At a sufficiently high activity ratio, the system develops a third region in the center of the box with solid-like order, giving rise to two solid-liquid interfaces. Their positions are determined by particle neighbor analysis. The solid phase corresponds to particles that have six neighbors within a radius r min = 1.6σ , which is the position of the first minimum of the radial distribution function for an hexagonal crystal of density 0.84 (independent of α). A slab is considered to be part of the solid region if its average number of neighbors within the aforementioned radius is above 5.8, a threshold value chosen upon visual inspection of a number of configurations for different values of α. To characterize the effect of the activity ratio α on phase coexistence, we define two heights, H Liq and H Sol .

H Liq is the separation distance between the two gas-liquid interfaces, whereas H Sol is the separation distance between the two solid-liquid interfaces (see Fig. 5.4(c)). We always have H Liq > H Sol . H Sol is used as an order parameter to describe the liquid-solid phase transition that occurs at the core of the dense region (H Sol = 0 if the dense region is fully liquid and H Sol > 0 after the crystallization). The rapid increase of H Sol from 0 to a finite value allows identifying the critical activity difference, α = α c , at which a solid region emerges.

Quantification of segregation

It is well known that scalar activity in a homogeneous binary system often leads to segregation of the two species between two coexisting phases [START_REF] Hyman | Liquid-liquid phase separation in biology[END_REF][START_REF] Chari | Scalar activity induced phase separation and liquid-solid transition in a Lennard-Jones system[END_REF][START_REF] Elismaili | Activitymodulated phase transition in a two-dimensional mixture of active and passive colloids[END_REF]. In this study, we are mainly interested in the role of scalar activity in preventing particle mixing. We quantify the segregation stability of our two species between the gas and the condensed phases by calculating the particle composition in the gas region as a function of the activity ratio (α).

For this purpose, we calculate the fraction of hot and cold particles in a gas subregion of area S g = 0.25S = 0.25L x L y , far from gas-liquid interfaces, as follows:

x 1,gas = N 1,S g N 1,S g + N 2,S g ; x 2,gas = N 2,S g N 1,S g + N 2,S g = 1 -x 1,gas (5.6) 
where N 1,S g and N 2,S g are the number of hot and cold particles, respectively, within the subregion of area S g . The ratios x 1,gas /x 1 and x 2,gas /x 2 , where x 1 and x 2 are the global fractions of the two species, reflect stable segregation between the species when they are different from 1 (see next section). In the absence of activity (α = 1), these ratios are equal to 1, as the final configuration corresponds to a well-mixed system, in which the liquid and the gas have the same composition.

Chapter 6

Simulations of two-temperature systems: Results

In this chapter we present the results of our investigation of the two binary systems introduced in the previous chapter: the homogeneous system and the interfacial system. We begin with an investigation of the solid-liquid phase transition and the thermomechanical properties of the homogeneous system and how these are modulated by scalar activity. This investigation is carried out for different compositions and different interspecies interactions of our homogeneous active-passive mixture. We then investigate the effects of scalar activity on the properties of the pre-existing gas-liquid interface of our interfacial system. We also investigate the crystallisation and segregation stability phenomena induced by activity. The main results of this chapter have been published in two articles in The European Physical Journal E [START_REF] Elismaili | Activitymodulated phase transition in a two-dimensional mixture of active and passive colloids[END_REF][START_REF] Elismaili | Gas-liquid interface of a Lennard-Jones binary mixture controlled by differential activity: phase transition and interfacial stability[END_REF].

6.1 A homogeneous mixture of active and passive colloids

Activity-modulated liquid-solid phase transition

At given pressure, the solid-to-liquid phase transition is identified by the discontinuous density drop at the melting temperature. In Fig. 6.1, we show the evolution of density ρ = N/S as a function of the average temperature T * (also denoted T ) for different values of the temperature difference between the two species, ∆T . For a one-component Lennard-Jones system, or equivalently for a mixture of two identical species at the same temperature (∆T = 0), melting occurs at about T m ≈ 0.63. As ∆T is increased, the transition temperature shifts to smaller and smaller values, with T m ≈ 0.61 for ∆T = 0.6 and T m ≈ 0.58 for ∆T = 0.8. Moreover, the transition becomes more gradual, with smaller slope and less density drop. This striking result indicates that, near the melting temperature, a mixture of active and passive colloids can behave as a liquid, whereas a one-component system at the same average temperature behaves as a solid. In Fig. 6.1, we can also observe that for T * in the liquid range, at a given T * , the density of the liquid increases (slightly) with ∆T , clearly visible for curves corresponding to ∆T ≤ 0.6. To investigate whether the shift of the transition temperature is contingent on the choice of T * to characterize the system, we consider another possible definition of an average system temperature based on the average particle mean-square displacement:

T MSD = ζ D k B , (6.1) 
where ζ is the particle drag coefficient (inverse of the mobility) and D = lim t>>1 MSD(t)/(4t) is the two-dimensional diffusion coefficient, with MSD(t) = ⟨∑ N i=1 (r i (t)r i (0)) 2 ⟩/N the mean square displacement, where N is the number of particles, r i (0) is the reference position of the i-th particle, and vector r i (t) is the position of the i-th particle at time t. Clearly, this definition is only meaningful in the liquid phase, although it allows investigating the liquidsolid transition. Figure 6.2 shows how the diffusion coefficient D depends on the average temperature T * for the simulations presented in Fig. 6.1 of the article. In the liquid regime, D (and therefore T MSD ) is proportional to T * . The liquid-solid phase transition is marked by a sudden drop of D. If we characterize the transition by the value of D crit at which the linear variation meets the sudden drop, we obtain a value of D crit that significantly decreases with ∆T . Indeed, we obtain D crit = 5.8 • 10 -4 for ∆T = 0 and D crit = 3.3 • 10 -4 for ∆T = 0.6. Therefore, if we characterize the system temperature by T MSD , which is proportional to D, we would reach the same conclusion that the liquid-solid transition is shifted towards a smaller system temperature with increasing ∆T . We thus conclude that the observed effect of ∆T on the transition temperature is robust and not contingent on our specific definition of the average system temperature.

To characterize the state of the binary mixture at different temperatures, we investigated the mean square displacement (MSD) and the radial distribution functions (RDFs) of the two particle populations. Figure 6.3 shows the results for a mixture with ∆T = 0.6 and either T * = 0.55 (left) or T * = 0.65 (right). As the phase transition temperature is around 0.61, these two cases correspond respectively to a solid and a liquid close to the transition. For the solid at T * = 0.55, the MSD (Fig. 6.3(a)) is very small and does not significantly evolve over time. Agitation of the hot particles is slightly larger than that of the cold particles. The RDF (Fig. 6.3(c)) indicates a hot crystal, with peaks corresponding to the coordination layers in a crystalline triangular lattice. We represent the total RDF g all as well as g 11 (hot particles), g 22 (cold particles), and g 12 . All four functions display features of a hot crystal. These functions are quite close to one another, with nevertheless the cold particles exhibiting a more ordered structure than the hot particles. We have also compared g all with the radial distribution function of a one-component system at T = 0.55 and found that both functions are virtually identical (see inset). The MSD at T * = 0.65 (Fig. 6.3(b)) increases linearly over time, as characteristic for diffusion in a liquid. The overall MSD is virtually identical to that of a one-component system at T = T * = 0.65. When we consider the two species separately, we observe that the MSD of the hot particles (T 1 = 0.95, red solid line) is larger than the overall MSD (black solid line), which in turn is larger than the MSD of the cold particles (T 2 = 0.35, blue solid line). We have also compared the MSD for each species in the mixture with that of a one-component system at the species temperature. The solid red Simulations of two-temperature systems: Results line in Fig. 6.3(b), which corresponds to the hot species (T 1 = 0.95) in the binary mixture, is to be compared to the dotted red line, corresponding to a one-component system at T = 0.95 and the same pressure as the mixture (P = 2). We also consider a one-component system at T = 0.95 at a volume fixed at that of the mixture, which is smaller than that of the hot species alone. By comparing the three curves, we conclude that the MSD of the hot species is reduced when they are in the mixture, partly because of the smaller volume of the mixture (dotted red line to dashed red line), and partly because of interactions with the cold species (dashed red line to solid red line). A similar discussion applies to the cold species. Although in this case the volume effect is negligible, interactions with the hot species clearly lift the slope of the MSD of the cold particles in the mixture, from solid-like to liquid-like. The RDFs for T * = 0.65 are shown in Fig. 6.3(d). At short distances, they show some structure, more than in a typical hot simple liquid [START_REF] Hansen | Theory of Simple Liquids[END_REF]. As they all oscillate around 1 at long distances, the system is certainly in a disordered state. Combined with the MSD information of Fig. 6.3(b), these RDFs represent indeed a liquid state. We notice a significant difference between g 11 and g 22 , indicating that the cold particles retain more order. Overall, this analysis shows that the binary system of active and passive particles has an average behavior corresponding to that of a one-component system at the average temperature. However, the behaviors of active and passive particles differ from those of the corresponding one-component systems.

Activity-modulated thermomechanical properties

Here, we investigate the thermomechanical properties, the shear modulus G and the bulk modulus K, of the binary mixture by using two methods: the finite-deformation approach (also called macroscopic approach) where we use the macroscopic definitions of G and K , and by using the stress fluctuation formalism. These methods are explained in Chapter 2, while computational details are discussed in Chapter 5. in Fig. 6.1 above. The study of the elastic moduli confirms that the phase transition is shifted to smaller temperatures with increasing ∆T . Moreover, we observe that, for a given average temperature T * in the vicinity of the phase transition, the elastic moduli become smaller with increasing ∆T . We thus conclude that increasing the effective temperature difference between the active and passive components fluidifies the system (because the melting temperature decreases) and renders it more deformable (because the elastic moduli decrease). Quantitatively, we observe that both G and K show strong signatures of the melting transition. Furthermore, they indicate the same transition temperature as the density criterion (cf. Fig. 6.1). This shows the consistency of our results. We also verify that, as expected, the shear modulus in the liquid vanishes for all ∆T .

Finite-deformation (macroscopic) approach

Stress fluctuation formalism

In this subsection we compute the thermomechanical properties using the stress fluctuation formalism [START_REF] Squire | Isothermal elastic constants for argon. theory and Monte Carlo calculations[END_REF][START_REF] Li | Stress fluctuations and elasticity in one-and two-component cubic crystals[END_REF] based on the average temperature of the system. This method allows obtaining macroscopic elastic properties from the microscopic simulation results, without the need to impose a strain to the system. However, the stress fluctuation formalism has been established for systems in thermodynamic equilibrium, with one temperature. Here we investigate its validity for a system with two different temperatures, and supposing that we have a locally homogeneous mixture, without phase segregation between the cold and the hot species. In such cases, we presume that the average temperature T * plays the role of the usual temperature T in the formalism.

Panels (c) and (d) of Fig. 6.4 show that the calculation of G and K based on stress fluctuation formalism is efficient and exact for ∆T = 0, whereas it provides an approximate result for ∆T > 0. The results of both approaches agree for ∆T = 0. However, the quality of the agreement decreases as ∆T increases, because the stress fluctuation formalism based on the average temperature is no longer rigorously valid for ∆T > 0. For example, comparing Fig. 6.4 (a and b) to Fig. 6.4 (c and d) at T * = 0.5 and ∆T = 0.6 we have |∆G| G = 5% and |∆K| K = 11%. We notice also negative values of G for ∆T = 0.6 (see Fig. 6.4(c)), which is unphysical. However, the G calculated using the macroscopic definition does not encounter this problem (see Fig. 6.4(a)). The stress fluctuation formalism assumes that the temperature is uniform over the system (system in equilibrium). However, this is not the case for high ∆T where the two species are demixing. In addition, the stress fluctuation formalism appears to exaggerate the effect of ∆T on the bulk modulus. Overall, up to ∆T = 0.4 the two sets of results are numerically close.

Up to this point, we have studied an equimolar mixture (x 1 = x 2 = 0.5) with uniform particle interactions (ε 11 = ε 22 = ε 12 = 1). In the following, we investigate the effects of changing the composition (x 1 ) or the interspecies interaction (ε 12 ).

Effect of mixture composition

Our results are sensitive to the mixture composition. Figure 6.5 shows the effect of changing x 1 on the phase transition, identified by the rapid changes in ρ and in G as a function of the average temperature T * . Here, a mixture with ∆T = 0.6 is studied. We recall that increasing ∆T shifts the transition to a lower melting temperature. This effect is maximum for an equimolar mixture (x 1 = 0.5), and it is attenuated when one of the two species is dominant. Indeed, when x 1 = 0 or x 1 = 1 we retrieve a one-component system, and the result is the same as for the one-component system considered in Figs. 6.1 and 6.4(a) (x 1 = 0.5 and ∆T = 0). The corresponding results of G obtained by application of the stress fluctuation formalism based on the average temperature are presented in Fig. 6.5(c). They are qualitatively consistent with G values obtained by finite-deformation approach (Fig. 6.5(b)).

Effect of interspecies interactions

Figure 6.6 illustrates the effect of varying the interparticle energy parameter ε 12 , which we refer to as the "interparticle affinity" parameter. Three particle affinities are considered: a heterocoordinated system with ε 12 = 1.5 (red curves), the reference case with ε 12 = 1 (blue curves), and a homocoordinated system with ε 12 = 0.5 (green curves). Varying ε 12 has a marked effect on the melting temperature, as seen in the figure. The melting temperature Simulations of two-temperature systems: Results shifts to higher values of T * when the interspecies interactions are imporatnt compared to the intraspecies interactions. Here we focus on the interplay between the effects of interparticle affinity and of the difference in effective temperatures. Thus, for each of the three values of ε 12 , we compare a mixture where all particles have the same effective temperature (∆T = 0) with a mixture where the two components have different effective temperatures (∆T = 0.6).

As discussed above, increasing ∆T shifts the transition to a lower temperature. As shown in the figure, this effect is more pronounced in a homocoordinated system (ε 12 = 0.5), where each particle type (active or passive) interacts more strongly with its own kind. In Fig. 6.6(a), at temperatures above melting temperature, we observe that the density values at the liquid range for ε 12 = 0.5 and ∆T = 0.6 (dark green line) are higher than those for ε 12 = 0.5 and ∆T = 0 (lighter green line). This results from demixing of the two species. The temperature difference and the heterocoordinate character of the system favors the separation of the two types of particles. In such a situation, cold particles tend to form solid clusters (see Fig. 6.7(d)), which results in a reduction of the simulation box size, leading to a higher global density compared to the case where the two species are mixed or not well separated (∆T = 0). Indeed, for these parameter values, system demixing is observed, and the stress fluctuation formalism is not applicable. This explains the unphysical negative values of the shear modulus G for the the case ε 12 = 0.5 and ∆T = 0.6 (dark green curve) in Fig. 6.6(c). This problem is not encountered when calculating the elastic constants by imposing a strain (Fig. 6.6(b)), an approach that remains valid even in the presence of demixing.

Despite all shortcomings mentioned above, the stress fluctuation formalism qualitatively captures the effect of ∆T on thermoelastic properties. This observation encourages future refinements in the application of the formalism to the type of systems studied here. show the RDF for two binary mixtures at the liquid state to illustrate heterocoordination (ε 12 = 1.5) and homocoordination (ε 12 = 0.5). In a heterocoordinated system (Fig. 6.7a) we observe that the first peak of g 12 (green solid line) is significantly more pronounced than the global RDF for all particles, g all (black solid line). The opposite is observed in a homocoordinated system (Fig. 6.7b).

Activity-induced segregation

As we can expect, when ε 12 is small compared to (ε 11 + ε 22 )/2 = ε 11 , the system may demix, especially in low-temperature liquid phase. This possibility exists even when ∆T = 0, as a demixing theory indicates [START_REF] Colby | Polymer Physics[END_REF]. Increasing ∆T certainly favors this segregation. (d) Snapshot at steady state for a mixture with T * = 0.8, ∆T = 0.6, and ε 12 = 0.5. The hotter species is represented in red and the colder in blue.

remain mixed (plot c). In contrast, the joint effect of reduced interparticle affinity and effective temperature difference leads to segregation between the two components (plot d). This segregation is also signaled by the g 12 function in Fig. 6.7b, with conspicuously little structure. It is noted that segregation between the two components can also be obtained with neutral interparticle affinity (ε 12 = 1) if the effective temperature difference is sufficiently large. Indeed, we have observed segregation in simulations run with ε 12 = 1 and ∆T = 0.8 for certain liquid state temperatures T * . This finding is consistent with the conclusions of [START_REF] Grosberg | Nonequilibrium statistical mechanics of mixtures of particles in contact with different thermostats[END_REF], where it was argued that in case of comparable interaction features, a large difference in the kinetic energies of the two species would lead to a segregated steady state (in the liquid phase). To summarize, we observe that segregation depends on three key parameters, ε 12 , ∆T , and T * (very hot liquids tend to mix well).

6.2 A gas-liquid interfacial system of active and passive colloids

As we have seen above, our homogeneous system tends to segregate at high activity values and for certain values of the potential parameters, thus potentially forming two phases separated with interface (see Fig. 6.7(d)). In this second part of the chapter, we focus on the properties of interfaces in a binary non-equilibrium system that features a gas-liquid interface at thermodynamic equilibrium (see the previous chapter for more details). We drive the system out of equilibrium by prescribing two different effective temperatures and study the effect of scalar activity on its phase behaviours and interfacial properties.

Activity-induced crystallization

In the absence of temperature difference between the two species (α = 1), we have a thermally equilibrated, one-component interfacial gas-liquid system at a uniform temperature T * = 0.4 (see Fig. 6.8(a)). In this case, the condensed region is completely liquid (H Sol = 0) and it occupies about 45% of the size of the box (H Liq ≈ 0.45L y ). Then, we introduce an activity ratio between the species (α = T 1 T 2 > 1) by changing the temperatures of the two species while keeping the total average temperature at T * = 0.4 (see Fig. 6.8(b)). In the snapshots of Fig. 6.9, we observe the changes in the system structure when the activity is enhanced. Fig. 6.11(a) confirms this observation and shows that an increase in activity ratio induces crystallization at the central part of the condensed region (H Sol > 0), concomitant with shrinkage of the total height of the condensed (liquid+solid) region (H Liq decreases) (see Fig. 6.9). At sufficiently high differential activity, the two heights show a tendency toward the same saturation value, indicating that most of the condensed region is crystallized. Interestingly, crystallization occurs above a threshold value of the activity ratio, α c = 1.09 (vertical red dashed line in the inset in Fig. 6.11(a)). At α c , H Sol marks a jump from 0 to a finite value, as can be expected from the freezing transition of the core region of the liquid. Simultaneously, H Liq exhibits a change of slope, signalling also the transition from the bulk liquid to a liquid+solid region.

We have investigated the structural order of the emergent solid region by calculating the radial distribution function g(r) and found that this solid region exhibits long-range hexagonal order. In Fig. 6.10, we show g(r) of particles located in the core of the condensed region (a central strip of 40% of the condensed region) for α = 1.00 and α = 3.00. For α = 1.00, the case where differential activity is absent, the g(r) is that of a liquid, while for α = 3.00 the g(r) indicates a crystallized structure. The peak positions are in very good agreement with the theoretical prediction for a perfect crystal of same density, 0.871, yielding support to our characterization of the system as a crystalline solid.

Segregation stability

For α = 1, the system is well mixed and the local fraction of hot (cold) particles is uniform throughout the simulation box and equal to the global fraction x 1 (x 2 ). However, at sufficient level of activity α ≥ α c , hot particles cannot access the crystallized region, mainly consisting of cold particles. Thus, hot particles tend to occupy the gas and liquid regions. For example, in the snapshot shown in Fig. 6.8(b), corresponding to α = 1.4, the solid region is mainly composed of cold particles and just some hot particles are trapped near the solid-liquid interface. To quantify such particle segregation, we plot the fractions of hot and cold particles in the gas region as a function of differential activity in Fig. 6.11(b) and Fig. 6.11(c), respectively. We normalize these local fractions by the corresponding global fractions to allow comparison with a one-component system (T 1 = T 2 = 0.4, α = 1). The results show that the fraction of hot particles in the gas increases with α, while the fraction of cold particles decreases, indicating that a pre-existing segregation can be stabilized by the difference in activity between the two species. Insets of Fig. 6.11(b) and Fig. 6.11(c) show that non-mixing behavior occurs simultaneously with the emergence of a solid region, i.e., for activities α > α c . Indeed, for sufficient activity difference, hot particles are highly kinetic compared to cold ones, which is thermodynamically consistent with their affinity for the gas region. On the other hand, cold particles tend to occupy the condensed region and participate in the emergence of the solid phase.

Effect of the initial configuration

In order to assess the interplay between crystallization and segregation, we have compared our initially segregated system with a case where the initial configuration is completely mixed, i.e., the fraction of hot particles is uniform throughout the simulation box and equal to the global fraction x 1 (see Fig. 6.12). The results of these simulations are included in the three panels of Fig. 6.11 and represented by star markers. In Fig. 6.11(a), the H Sol curve Red and blue circles correspond to an initially segregated system, whereas yellow stars correspond to an initially mixed system. The insets are magnifications of the main figures. The vertical line marks the critical activity ratio α c = 1.09. The horizontal line represents the case of a uniform particle fraction throughout the box.

6.2 A gas-liquid interfacial system of active and passive colloids 123 (yellow stars) shows a freezing transition of the core region of the liquid at a slightly higher value of the activity ratio (α ≈ 1.11 instead of 1.09 for the case of an initially segregated state). The presence of hot particles in the core region of the liquid makes it hotter. Therefore, a slightly higher activity difference is required to reduce the local temperature of the liquid's core sufficiently low to induce crystallization (density, pressure and temperature at the core region of the dense phase, for both cases and for different α-values, are shown and discussed in Section B.3 of Appendix B). We also note that the threshold of activity difference required for segregation should depend on the fractions of the two species, as previously reported [START_REF] Lin | Phase behavior of active and passive dumbbells[END_REF]. The height of the dense region (liquid+solid), H Liq , seems to be unaffected by the choice of the initial configuration (see pink star symbols in Fig. 6.11(a)). In contrast, Figs. 6.11(b) and (c) show that steady-state segregation depends on the initial conditions. Indeed, the star markers in these two plots deviate from 1 only weakly and only for higher activity differences (α ≥ 2). This indicates that, in an initially mixed system, segregation is weak and requires an activity difference between the species higher than that inducing the liquid-solid transition. A system that is initially mixed undergoes rapid crystallization, over a much shorter time scale than that required for particle segregation. Thus, the system remains trapped in a nearly mixed state, and the majority of hot particles stay caught in the crystallized region , as we could also observe from the corresponding snapshots shown in Fig. 6.12. In summary, simulations with a mixed initial configuration gives very similar results as those with a segregated initial configuration for phase behavior, but they lead to little spatial segregation of the species (even for α > α c ). In the following, results of local properties are given for simulations with a segregated initial configuration, where both activity difference and segregation are at play.

6.2.4

Activity-modulated gas-liquid interfacial properties

Density profiles and interfacial width

We study the effects of differential activity on the density profile of our system. For α = 1 we obtain the usual density profile of a planar gas-liquid interface (cf. Fig. 6.13(a)), characterized by uniform densities away from the interface, and a constant fraction of the two species everywhere, as the two species are indistinguishable in this case. For α > 1, and especially above the critical value α c (Fig. 6.13(b, c and d)), the density profile is no longer uniform within the condensed region, bounded by the two gas-liquid interfaces (dash-dotted horizontal lines in Fig. 6.13(b, c and d)). The condensed region consists of an outer liquid region and an inner solid region, the latter bounded by the two solid-liquid interfaces (dashed horizontal lines). In the gas region the density is constant, while it increases as we approach the gas-liquid interface. In the liquid region, the density continues to increase until it reaches the density of the solid region, where it becomes nearly constant. In addition, we find that the density of this solid region slowly increases with α. We see that in this case ρ h is quite different from the α = 1 situation, as it shows a local maximum in the (now reduced) liquid region, between the solid and the gas. This observation is interpreted as an additional effect of the rapid crystallization of the core, which precludes hot particles from entering the crystallized region and induces their accumulation in the remaining liquid region. We are interested in the interfacial width of the gas-liquid interface. The interfacial width w is commonly determined by fitting the local density to an hyperbolic tangent or an error function [START_REF] Allen | Computer Simulation of Liquids[END_REF], but this approach is not applicable here because the density is not uniform in the condensed region. Therefore, we apply an alternative definition, similar to the one proposed by Lekner and Henderson [START_REF] Lekner | The surface of liquid 4 He, based on the idea that ∏ i< j f (r i j ) describes a droplet[END_REF]. We define w as the distance over which the density rises from a certain threshold value ρ w to the interface value ρ i at the gas-liquid interface. We define

ρ w = ρ(y = y w ) = ρ g + 0.05(ρ i -ρ g ), (6.2) 
where ρ g is the bulk density of the gas and ρ i = ρ(y = y i ) is the density at the mean position of the gas-liquid interface, corresponding to the maximum of ∂ ρ/∂ y (see Section 5.3). Thus, the interfacial width is given by: w = y wy i .

As it can be seen in Fig. 6.13(e), the variation of the interfacial width w with the activity ratio α is not monotonous. We can distinguish two regimes. For a low activity ratio, α < α c (with α c = 1.09), w increases quickly with α, while it decreases with α for a high activity ratio α > 1.5 > α c . The different behavior in the two regimes arises from competition between two effects, the local temperature at the gas-liquid interface and the emergence of the solid region, as we discuss in the following subsection.

Pressure profiles

Here we study the effect of differential activity on the local tangential pressure P T (y) and on the surface tension of the gas-liquid interface γ. The surface tension is calculated from the difference P N -P T across the interface, as shown in Eq. (5.4) (or using Eq. (5.5)).

The pressure profiles for α = 1 are shown in Fig. 6.14(a). The normal pressure P N is constant over y, as required for mechanical equilibrium, after we made a small correction (near the gas-liquid interface) to P N (y) obtained from LAMMPS, in order to neglect the known artefact induced by the IK1 method (see Section 5.3.2.1 for details). In 6.14(c) we present the normal pressure from LAMMPS to illustrate the appearance of the normal pressure profile before the small correction. We observe that P T = P N away from the interfaces (i.e., in the gas and liquid phases), as required for mechanical stability. In the interface region, we have P T < P N , with P T even negative at some points. This typical feature [START_REF] Walton | The pressure tensor at the planar surface of a liquid[END_REF][START_REF] Smith | The importance of reference frame for pressure at the liquid-vapour interface[END_REF] shows a locally stressed liquid due to sharp density variations at the interface. Thus Eq. (5.4) gives a well-defined value of the surface tension, γ = 0.161 (in LJ units), for α = 1.

The pressure profiles for α = 1.4, α = 3 and α = 6 are shown in Fig. 6.14(b), 6.14(c) and 6.14(d), respectively. Due to the presence of the solid phase, the tangential pressure profile is markedly different from that of the one-component system, at α = 1. P T (y) and P N (y) are equal only in the gas region. In the liquid region, P T (y) shows a local minimum near the gas-liquid interface, as in the one-component system, then it goes through a local maximum at the liquid-solid interface, before staying consistently smaller than P N (y) in the solid region. The local maximums at the liquid-solid interface increases with α. Here P T (y) has dominantly negative values, reaching a minimum in the middle of this region. Such negative values are also observed in the glassy phase of free-standing polymer films [START_REF] George | Rheological properties of freestanding polymer films[END_REF]. These negative values indicate a stressed solid in the x-direction, as the freezing transition occurs in an imposed box width, L x . In summary, P T (y) exhibits four extrema: two minima near the two gas-liquid interfaces and two maxima at the solid-liquid interfaces. The positions of these extrema agree well with the positions of the interfaces obtained from the density and nearest-neighbor analysis.

Gas-liquid interfacial tension

Because of the emergence of a solid phase for α > α c , Eq. (5.4) cannot be directly applied to obtain the gas-liquid surface tension. Rather, tangential pressures affected by the presence of the solid must be excluded from the integration. Therefore, the adapted form of Eq. (5.4) is:

γ = 1 2 -y p -L y /2 [P N (y) -P T (y)] dy + L y /2 y p [P N (y) -P T (y)] dy , (6.4) 
where -y p and y p are the locations where P T (y) = P N (y) within the liquid region. These locations are shown in Fig. 6.14(b) by dotted lines. Similarly, Eq. (5.5) can be adapted by restricting the computation of PN -PT to these gas+liquid regions. The results are presented in Fig. 6.14(e), which shows that the surface tension, γ, decreases with the activity ratio, α. The decrease in γ correlates with an increase in the local temperature at the gas-liquid interface, defined by T interface = (T (y i -∆y) + T (y i ) + T (y i + ∆y)) /3, with y i the locus of the liquid-gas interface and ∆y the width of one slab (see Subsection 5.3), shown in Fig. 6.14(f). At the regime of low activity ratio, i.e., for α < α c , the interfacial temperature T interface increases rapidly with α. In contrast, at the regime of high activity ratio, i.e., for α > α c , T interface increases more slowly with α. This change of behavior can be attributed to the emergence of the solid phase. The existence of two regimes in the shape of T interface (α) (Fig. 6.14(f)) directly translates into the shape of γ(α) (Fig. 6.14(e)), which exhibits two different slopes for the two regimes. In the regime of low activity ratio, γ decreases about 6 times faster than in the regime of high activity ratio. These results also shed light over the shape of the interface width, w(α) (Fig. 6.13(e)). Two competing phenomena influence the interface width: the increase of the local temperature and the emergence of the solid region. At the regime of low activity ratio, the local temperature effect dominates, and we find the usual behavior of a decreasing γ as the interfacial width w increases. In contrast, the emergence of the solid region at the regime of high activity ratio counteracts this interface temperature effect, causing the diminution of the interface width w, while the surface tension continues to decrease as α increases, although more slowly than for α < α c .

Temperature profiles

Last, we inspect in detail the local temperature profiles as a function of α. For a onecomponent system (α = 1), in contact with a single thermostat, the local temperature is constant everywhere in the simulation domain. In contrast, for an activity ratio α > 1, not only are hot and cold particles at different temperatures, but also their local temperature profiles are non-uniform along the y-axis, as shown by the red (hot) and blue (cold) circles in Fig. 6.15. The global average temperatures for each of the species are represented by dotted vertical lines in the figure. For given α = T 1 /T 2 and T * = x 1 T 1 + x 2 T 2 (T * = 0.4), these global average temperatures are obtained as T 1 = αT * /(αx 1 + x 2 ) and T 2 = T * /(αx 1 + x 2 ).

The non-uniformity of local temperature, which may be surprising at first sight, can be understood as a consequence of the use of two different Nosé-Hoover thermostats, combined with heat flux exchanges between hot and cold particles. In this thermostating technique, the global temperature of each species is controlled by an adjustable heat flux between the corresponding thermal bath and the system [START_REF] Allen | Computer Simulation of Liquids[END_REF]. Below we propose a theoretical explanation for the shape of these profiles.

A phenomenological model of local temperatures

We qualitatively illustrate here how the thermostat works by using a simplified, continuous medium representation. We consider a binary system of hot and cold particles in contact with a hot and cold thermostat, respectively (see Fig. 6.16). Through collisions, the two types of particles exchange heat between them. The exchange heat flux per unit length, q e (y), is not uniform but depends on the local partial densities ρ h (y) and ρ c (y). To compensate this heat exchange and maintain the prescribed average temperature of each species, the hot thermostat provides a certain heat flux φ h per hot particle, whereas the cold thermostat removes a certain heat flux φ c from each hot particle. Same as in Nosé-Hoover thermostating, the values of φ h and φ c are adjusted globally (i.e., φ h and φ c are constant over the system) to maintain the prescribed temperatures T 1 and T 2 . Overall, because the system is at steady state, the total heat flux provided by the hot thermostat equals the total heat flux removed by the cold thermostat, i.e., φ h N 1 = φ c N 2 . Heat balance for each species, per unit length in the x-direction, is then described by:

∂ Q h ∂ y = ρh φ h -q e , (6.5) 
∂ Q c ∂ y = -ρc φ c + q e , (6.6) 
where Q h (Q c ) is the intra-species heat flux along the y-direction for hot (cold) particles, the one-dimensional densities ρi = ρ i σ (i = h, c). Heat conduction along the y-direction for each particle species is modeled by Fourier's law:

Q h = -K h ρh ∂ T h ∂ y , (6.7 
)

Q c = -K c ρc ∂ T c ∂ y , (6.8) 
where K h and K c are the intrinsic thermal conductivities of the hot and cold particles, respectively. For simplicity, we assume K h = K c = K. The inter-species exchange flux between hot and cold particles, q e (flux per unit length), can be expressed as:

q e = K e ρc (T h -T c ) , (6.9) 
where K e is the exchange thermal conductivity between the two types of particles, and T h (y) and T c (y) are the local temperatures of hot and cold particles, respectively. The choice of ρc in Eq. (6.9) is rationalized as follows. Fourier's law suggests writing the inter-species flux as q e = K e (T h -T c )/l, where l ∼ ρ-1 c is the typical distance between two neighboring hot and cold particles, set by the cold particle density because in our system ρ c ≫ ρ h . Moreover, K e is a total inter-species conductivity. Transition from a gas to a liquid increases both density and conductivity, a correlation that can be captured by writing K e = K ′ e ρ h ρ c / ρ2 , where ρ = N/S is the fixed total density ( ρ = 0.365). We note that the unit of K ′ e (and K e ) is the unit of K divided by σ 2 .

Simulations of two-temperature systems: Results

The above qualitative reasoning leads to the following equations for T h (y) and T c (y):

d dy ρ h dT h dy = -ρ h ϕ h + κ ρ h ρ 2 c ρ2 (T h -T c ) , (6.10a 
)

d dy ρ c dT c dy = ρ c ϕ c -κ ρ h ρ 2 c ρ2 (T h -T c ) , (6.10b) 
where ϕ i = φ i /K (i = h, c) and κ = K ′ e /K. By using the local densities obtained from simulation, we can solve numerically Eqs. (6.10), using κ as a fitting parameter, and under the constraints of fixed average temperatures:

T 1 = L x N 1 L y /2 -L y /2 ρ h (y)T h (y)dy, (6.11a 
)

T 2 = L x N 2 L y /2 -L y /2
ρ c (y)T c (y)dy. (6.11b)

The numerical solution, with conductivity ratio κ = K ′ e /K = 6.7 • 10 4 (for all values of α studied), agree well with the simulation results. Fig. 6.15 shows the results for the activity ratios α = 1.1, 1.4, 3 and 6. The good agreement between the theoretical solutions and the numerical temperature profiles supports our simple picture of how the two Nosé-Hoover thermostats operate in our inhomogeneous interfacial system at two different temperatures.

Chapter 7 Conclusion and perspectives

In the first part of this manuscript, we studied the rotation dynamics of homogeneous and binary self-assembled clusters of two types of superparamagnetic colloids, with different sizes and susceptibilities, in a rotating magnetic field. In the frequency range studied, the rotation mechanism of clusters is similar for both homogeneous and binary clusters. Based on a previous study on 7-particle hexagonal clusters [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF], we first developed a theoretical model to explain the rotational dynamics of homogeneous clusters of different sizes and to correctly capture the different parameter dependences, not accounted for by the earlier hexagonal model. Our model successfully describes the rotation dynamics and its dependence on cluster size, particle characteristics and precession field frequency and strength. Second, we generalized this model to the case of binary self-assembled clusters. The generalized model satisfactorily describes the experimentally observed dependence of the rotation speed on binary cluster composition, as well as the dependences on cluster size and particle and magnetic field characteristics. These models include a single fitting parameter, which quantifies cluster viscoelasticity and whose value is consistent with that reported in reference [START_REF] Tierno | Viscoelasticity of Dynamically Self-Assembled Paramagnetic Colloidal Clusters[END_REF]. In these models, cluster cohesion is provided by an isotropic magnetic line tension acting at the cluster's edge, whereas rotation arises from an anisotropic component of the magnetic line tension associated with dissipative elastic shear waves traveling around the cluster. We found that the binary cluster rotation velocity first increases with the proportion of big particles up to a saturation limit, corresponding to the composition parameter's value φ ≈ 0.5 or about 20% of big particles in number, at which the binary cluster reaches approximately the same speed as a homogeneous cluster of the same radius consisting exclusively of big particles.

Our binary cluster initial structure corresponds to a well-mixed system, but this structure evolves over time, since the viscoelastic nature of the cluster allows slow particle rearrangement. Big particles tend to approach each other and gather at the inner region of the cluster, Conclusion and perspectives a behavior reminiscent of a droplet containing two liquids with different surface tensions. According to this analogy, we attributed the observed structural rearrangement to free energy minimization, since dipolar interactions among big particles are stronger than those among small particles. By means of a calculation procedure that we developed to account for the finite cluster size, we computed the radial distribution function of big particles, which exhibit short-range order, whereas the long-range structure is disordered, consistent with a liquid state. Considering both the mechanical behavior and the internal structure, we concluded that globally the clusters behave as viscoelastic liquids. We also found that, unlike cluster composition, the evolution of the cluster's inner structure has a negligible effect on its rotation dynamics. This explains why the experimentally observed dynamics of binary cluster rotation are well described by an extension of the theoretical model for monodisperse clusters that considers a perfectly mixed binary cluster.

We also investigated the disassembly dynamics of homogeneous clusters upon switching the horizontal precessing field into a vertical field, which makes dipolar interactions become repulsive. We explained the experimentally observed dynamics of cluster disassembly by a mean-field transport model. We obtained an exact, closed-form analytical solution, which describes the cluster's spatio-temporal density profile, in excellent agreement with the experiments. The theoretical model contains one single fitting parameter, which allows estimating the friction coefficient between particles and the substrate.

In the second part of this manuscript, we studied the effect of scalar activity on a twodimensional mixture of active and passive colloids with Lennard-Jones interactions. Active colloids are characterized by an effective temperature that is higher than that of passive colloids. We investigated two situations. The first reference system consists of a mixture of scalar active and passive colloids uniformly distributed in space. The second reference system contains planar interfaces that separate, at steady-state, the gas phase of active particles from the liquid phase of passive particles. For both systems we study the effect of imposing an activity difference between the two types of particles, as well as their structural and dynamical properties.

For the mixture, we investigated the solid-to-liquid phase transition. We found that the average temperature at melting of a mixture of active and passive colloids is lower than that of a one-component system. Inclusion of an active component obviously makes the system "hotter" on average and favors transition to the liquid state. Strikingly, our findings show that this effect is more pronounced than expected from the linear average temperature of the system. This "enhanced softening" of the mixture increases with differential activity, i.e., the larger the difference in effective temperature between the two components. Our calculations of thermomechanical properties show that, at any given average temperature of the system in the vicinity of the melting transition, an increase of differential activity between the two components reduces the melting temperature as well as the shear and bulk moduli. This "enhanced softening" effect constitutes the central result of our study of this system. For the interfacial system, we found that the effect of differential scalar activity is felt beyond a critical threshold, α > α c > 1. To phase-separate an homogeneous initially mixed binary system, a high activity ratio between cold and hot particles is required: depending on system characteristics, α c ≈ 30 [START_REF] Grosberg | Nonequilibrium statistical mechanics of mixtures of particles in contact with different thermostats[END_REF] or α c ≈ 13 [START_REF] Chari | Scalar activity induced phase separation and liquid-solid transition in a Lennard-Jones system[END_REF] are observed. Here, we show that for a system with a pre-existing interface and in an initially segregated state, a small activity difference (α c ≈ 1.1) is enough to prevent the species from mixing, due to the emergence of additional liquid-solid interfaces. Moreover, while previous studies report that the interface is stabilized by activity, here we reported the opposite, as the interfacial surface tension decreases with α and we eventually observe a breakdown of the interface for high enough α. Our results thus complement the picture of how activity affects an interface: while high levels of differential activity create new interfaces, as reported previously, we find that low levels of differential activity progressively destabilize an existing interface. Indeed, we observed an unconventional dependence of interfacial tension on differential activity. At low activity ratio (near thermal equilibrium, α < α c ), the local temperature at the interface increases rapidly with α, so that surface tension decreases while the width increases, a behavior similar to that of equilibrium interfacial systems. At high activity ratio, surface tension still decreases with α, but more gradually than at low activity ratio, and surprisingly the width of the interface also decreases. This constitutes a non-equilibrium property of our system. Another main finding is that, near an existing interface, a weak differential activity is sufficient to stabilize segregation based on particle activity. This is because the crystallization process is fast compared to the mixing process. Thus, near our gas-liquid interface, once we overcome the small threshold of differential activity, α c ≈ 1.1, a solid region emerges and more active particles tend to concentrate in the gas region and less active particles in the condensed phase. In contrast, in the absence of a pre-existing interface, very large differential activity is required for segregation, corresponding to the high values of α c previously reported. Activity-modulated interfacial stability could participate in certain biological processes, for example by preventing mixing between two neighboring bacterial colonies or two different tissues. Our results show that differential activity above the critical threshold induces phase transition from the liquid state into the solid state, which progressively propagates over the system. At high levels of the activity ratio, we thus recover the gas-solid interface induced by differential activity that has been previously reported. However, at intermediate levels of differential activity, we find a regime of triple phase coexistence (gas, liquid and solid), which we obtain away from the triple point and over a rather large range of the activity ratio.

As discussed in the introduction, paramagnetic colloidal clusters are a dissipative selfassembled colloidal system that shares features with biological aggregates. In spite of the numerous differences with living matter, the shared physical features encourage us to project our findings onto future research directions in biophysical systems. Rotation of 2D isotropic magnetic clusters is reminiscent of spontaneous rotation observed in constrained 2D cell sheets [START_REF] Doxzen | Guidance of collective cell migration by substrate geometry[END_REF][START_REF] Deforet | Emergence of collective modes and tri-dimensional structures from epithelial confinement[END_REF][START_REF] Siedlik | Cell division induces and switches coherent angular motion within bounded cellular collectives[END_REF], the mechanisms of which are only partially understood. Same as the magnetic clusters, cell sheets are viscoelastic materials. Thus, travelling viscoelastic shear waves could be a mechanism at play in cell sheet rotation. Disassembly of magnetic clusters is reminiscent of the spreading of tumoral cellular aggregates [START_REF] Douezan | Spreading dynamics and wetting transition of cellular aggregates[END_REF]. Indeed, tumor malignancy is linked to the epithelial-to-mesenchymal transition [START_REF] Thiery | Epithelial-mesenchymal transitions in development and pathologies[END_REF], which leads cells to lose intercellular adhesion, escape from the tumor, and potentially initiate metastasis. This phenomenon bears resemblance with the switch from attractive to repulsive interactions that induce the disassembly of our magnetic clusters. This analogy suggests the possibility of transposing our mean-field theoretical description of magnetic cluster disassembly to describe the physics of spreading of certain types of tumor cells, by accounting for the appropriate biophysical interactions.

Another perspective for the study of hybrid aggregates is the development of cancer therapies based on particles. Doping a tumor with passive particles could solidify it and limit its spreading. Projected to this biomedical application, our results warn us that the rigidification effect of doping with passive particles could be less than expected by an argument based on linearly averaging of the properties of the two components. Our results may also reveal the effects of differential scalar activity on interfaces in a biological context, such as morphogenesis or tumorigenesis.

Our studies are promising and may shed light on future biological and physical experiments. However, we should be aware that our model systems are still highly idealized and lack many of the features of real biophysical systems. In our experimental system, magnetic interactions are long-range, whereas in biological systems, such as tissue, interactions are short-range. Moreover, the shape of biological subunits is usually not isotropic. The extension of our study to the dynamics of self-assembly of anisotropic particles may be a step toward realism. The same remark can be made for our numerical models. The use of potentials that are more sophisticated than the Lennard-Jones model may be a path to make our models more realistic. where, 2πx πR 2 c is the probability to find a reference particle at a distance x from the cluster's center.

Radial distribution function with boundary effects

For r ≤ R c , l is written as Although these liquid-liquid interfacial systems are not investigated further in this thesis, they can be interesting reference systems for future studies.

l(r, R c ) =

B.3 Thermodynamic properties in the core of the system's dense phase

As we have seen in Chapter 6, our interfacial binary system develops a solid region in the central part of the dense phase when the activity difference is sufficiently high. Based on the parameter order H Sol , we find that for an initially segregated system, the liquid-solid transition occurs above a threshold value of the activity ratio, α c = 1.09. However, for the case of a well-mixed initial configuration, this freezing transition occurs at a slightly higher value of the activity ratio, α c = 1.11. In this latter case, the liquid becomes hotter due to the presence of hot particles in the core region. Therefore, a slightly higher activity difference is required Table B.2 Local thermodynamic properties (density, pressure, and global and partial temperatures) in the core of the dense region (which is liquid for α < α c and solid for α ≥ α c ) for different α-values. This table corresponds to the case where the initial configuration is completely segregated. (L) and (S) denotes liquid and solid phase states of the core of the dense region, respectively. The symbol (-) means that there are no particles in the core strip. to reduce the local temperature of the liquid's core sufficiently to initiate crystallization. To better understand this transition, we measure the local thermodynamic properties (ρ, P, T, T 1 and T 2 ) at the core of the dense region as a function of α. Local properties at the core of the dense region are defined by X core = (X(y core -∆y) + X(y core ) + X(y core + ∆y)) /3, where y core is the location of the core center and ∆y = 2.28σ is the width of a slab. X = ρ, P, T, T 1 , or T 2 is the property we want to determine. Results for the case of a segregated initial configuration are shown in Table B.2, while those for the case of a well-mixed initial configuration are shown in Table B.3. From these results, we observe that the freezing transition occurs for both initial configurations when the core region temperature is about ≈ 0.39 (P ≈ 0.01 and ρ ≈ 0.78). This supports our explanation of the shift of the critical activity ratio to a higher value due to the increase of the local temperature of the liquid due to the presence of hot particles. 
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 22 Fig. 2.2 Active Brownian particles in 2D space. (a) An active Brownian particle (1 µm in radius) that self-propels in water with a velocity v. The particle is characterized by its position on the xy-plane and its orientation φ . (b-e) From passive to active Brownian motion. (b) Passive Brownian motion (v = 0 µm s 1 ) and (c-e) active Brownian motion for increasing self-propulsion speeds.(c) v = 1 µm s 1 , (d) v = 2 µm s 1 and (e) v = 3 µm s 1 . For each velocity, four trajectories lasting for the same amount of time (10 s) are shown. Adapted from [8].
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 23 Fig. 2.3 Trajectories of active Brownian particles corresponding to different models for active motion. (a) Rotational diffusion dynamics (or simply active Brownian motion). (b) run-and-tumble dynamics. (c) dextrogyre and (d) levogyre chiral active Brownian motion. (e) Gaussian noise reorientation motion. Adapted from [49].

Fig. 2 . 4

 24 Fig. 2.4 Mean square displacement (MSD) of active Brownian particles of self-propulsion velocity v (in the figure the time t is denoted by τ). Numerical (symbols) and theoretical (lines) results are shown forv = 0 µm s -1 (circles), v = 1 µm s -1 (triangles), v = 2 µm s -1(squares), and v = 3 µm s -1 (diamonds). For a passive Brownian particle (v = 0 µm s -1 , circles) the motion is always diffusive [MSD(t) ∝ t], while for an active Brownian particle the motion is diffusive with diffusion coefficient D T at very short time scales [MSD(t) ∝ t for t ≪ τ R ], super-diffusive at intermediate time scales [MSD(t) ∝ t 2 for t ≈ τ R ], and again diffusive but with an enhanced diffusion coefficient at long time scales [MSD(t) ∝ t for t ≫ τ R ]. Adapted from[8].
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 25 Fig. 2.5 (a) A schematic of two identical spherical magnetic particles i and j, modeled as point dipoles, with dipole moments (m i = m j = m, represented by black arrows), center-tocenter distance r i j , applied magnetic field H 0 , and the angle θ between H 0 and r i j . (b) Two dipoles aligned side-by-side (θ = 90 • ) experience repulsive forces. (c) Two dipoles aligned head-to-tail (θ = 0 • ) experience attractive forces. Adapted from [49].
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 27 Fig. 2.7 Dynamic self-assembly of rotating clusters. The normalized cluster's rotation frequency as a function of the angular frequency of the external field with a tilt angle θ = 90 • is plotted. Adapted from [27].

Fig. 2 . 8

 28 Fig. 2.8 Rotating crystal of magnetic Janus colloids. (a) Schematic representation of the rotation mechanism. Particles at the edge experience an unbalanced hydrodynamic shear force tangent to the edge (circle with red arrows). (b) Inverse angular velocity 1/Ω plotted as a function of (R/d) 2 , where R is the size of the crystal piece and d = 1.6 mm is the particle diameter to achieve the large crystal size. The red line is a linear fit. Adapted from [100].
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 29 Fig. 2.9 Snapshots of particle configurations in a binary mixture of 500 hot particles (orange) and 500 cold particles (blue) with different diffusion constants (D hot /D cold = 10 3 ) for a packing fraction of 0.2 at (a) early times and (b) late times of the coarsening dynamics.Initially, small shapeless clusters of cold particles form, which later coalesce and merge into a single cluster. Inset: close-up of the cluster with color-coded local hexatic order parameter Ψ 6,i of each particle i. Adapted from[START_REF] Weber | Binary mixtures of particles with different diffusivities demix[END_REF].
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 2 Fig.2.10 (a) Snapshot of an equilibrated equimolar system of 8000 Lennard-Jones particles at a density of ρ = 0.8 and average temperature of T = 2. Both hot (red) and cold (cyan) particles are at the same temperature, T hot = T cold = 2. (b) Snapshot of a steady-state configuration of the same system when the temperature of hot particles increased to T hot = 80 while that of cold ones remained at 2. Segregation of the cold particles is clearly observed with few hot particles trapped inside the cluster of cold particles. Adapted from[START_REF] Chari | Scalar activity induced phase separation and liquid-solid transition in a Lennard-Jones system[END_REF].
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 33 Fig. 3.1 (a) Image of our experimental magnetic setup. (b) Scanning Electron Microscope pictures of a Dynabeads particle at two different magnifications [123]. The bar scales (shown at the left bottom of each image) are 200 nm (image on the left) and 30 nm (image on the right). The maghemite nanoparticles in the particle are visualized as bright points.
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 3 Fig. 3.3 (a,b) Two microscope images (the scale bar is 200 µm) of a mono-dispersed layer of particles M-450 (a) before application of the magnetic field and (b) 10 minutes after applying an external in-plane rotating magnetic field (θ = 90 • ; B = 1 mT; Ω = 2960 Hz). (c) Schematic representation (left) and an experimental image (right) of an actual rotating quasi-circular homogeneous cluster of radius R c . The cluster rotates with an angular velocity ω.
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 34 Fig. 3.4 (a,b) Two microscope images of a binary dispersed layer of particles M-450 and M-270 (a) before application of the magnetic field and (b) 10 minutes after applying an external in-plane rotating magnetic field (θ = 90 • ; B = 1 mT; Ω = 660 Hz). (c) Experimental image (left) and schematic representation (right) of a rotating self-assembled binary colloidal cluster under the in-plane rotating magnetic field. The cluster rotates with an angular velocity ω.
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 26136 Fig. 3.6 Steric potential between two identical particles coated with a layer of SDS molecules of width δ and separated by a surface-to-surface distance s (see text).

3 .

 3 Let us analyze Eq. (3.22) by considering only the dominant power-law dependencies. The equation predicts the cluster's angular velocity to approximately depend on cluster size as ω ∝ R -8/3 c
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 41 Fig. 4.1 Images of M-270 particles (clusters) within the sample cell and under a in-plane rotating magnetic field of intensity B = 2 mT and different precessing frequencies: (a) 0.01 Hz, (b) 0.05 Hz and (c) 1 Hz. The particles assembled into rotating chains at low frequencies (a), instable rotating chains, which alternatively deflect, breack-up and reform, at middle frequencies (b), and 2D clusters at sufficiently height frequencies (c).
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 42 Fig. 4.2 (a) Images of a cycle of breakup and reformation of a chain of M-270 particles (images from 1 to 5), under an in-plane rotating magnetic field of intensity B = 2 mT and precessing frequency Ω = 0.05 Hz. The red and blue arrows indicate the two particles initially (image 1) located at the extremes of the chain. (b) Forces acting on a chain of beads placed in a precessing magnetic field B.The interaction driving the alignment of the chain with the magnetic field is the perpendicular component of the magnetic force on the external beads (blue arrows). The viscous force due to the presence of the solvent medium (green arrows) is opposing the alignment of the chain (the sketch is reproduced from[START_REF] Vazquez-Quesada | Theory and simulation of the dynamics, deformation, and breakup of a chain of superparamagnetic beads under a rotating magnetic field[END_REF]).
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 43 Fig. 4.3 Evolution of the mean cluster size, < A c >, at different particle densities and under a rotating magnetic field (B = 2 mT, Ω = 400 Hz, M-450 particles). Different curves correspond to different particle densities.

Fig. 4 . 4

 44 Fig. 4.4 (a) The red and the green curve are the MSD of clusters before and after removing the directional motion (drift), respectively. (b) A mixture of nonmagnetic (Spheromere-6µ) and magnetic (M-450) particles under a rotating magnetic field (Ω = 400 Hz and B = 2 mT). The magnetic particle self-assemble into rotating clusters of different sizes, while the nonmagnetic cluster stay dispersed.
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 441 Dependence on cluster size and magnetic field frequency

Figure 4 .

 4 5(a) shows that smaller clusters rotate faster, and that the cluster's angular velocity increases with the precession magnetic field frequency. Fig.4.5(b) shows the angular velocity of clusters normalized according to Eq.(3.22) and demonstrates that the experiments are well described by our theoretical model. The prediction is best for larger clusters, where our model's continuum approximation is fully appropriate. We note that in Fig.4.5(b) we use ω = ω ln -2/3 ( 2 5/2 3 1/4 e 7/3 R c a ) ln -4/3 ( R c a ) which implicitly takes into account the weak dependency on cluster size coming from logarithmic terms.
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 4 Figure 4.6(a) shows the cluster angular velocity ω as a function of its area A c for Ω = 660 Hz for three different magnetic field strengths, B = 0.5, 1, and 2 mT. Fig. 4.6(b) shows that the cluster rotation increases with B. The hexagonal cluster model predicts an ω independent of B and thus cannot account for the observed dependence. In contrast, our model's Eq. (3.22) predicts the scaling ω ∝ B 8/3 .Figure 4.6(b) shows that the experimental curves of ω normalized according to equation (3.22) collapse with each other, and an excellent agreement between theory and experiments is found, especially for larger clusters. We also performed experiments at a larger field strength (B = 3 mT). However for such such high value the dynamics is no longer well described by our model (see Fig.4.7). We can remark in Fig.4.7(b) that the curve corresponding to B = 3 mT does not fit with other curves corresponding to lower intensities B = 1 mT and 2 mT. For B ≥ 3 mT, magnetic forces may overcome gravity and we observe the formation of clusters with vertically superimposed particles, a configuration that is no longer accounted for by our theory.

  Figure 4.6(a) shows the cluster angular velocity ω as a function of its area A c for Ω = 660 Hz for three different magnetic field strengths, B = 0.5, 1, and 2 mT. Fig. 4.6(b) shows that the cluster rotation increases with B. The hexagonal cluster model predicts an ω independent of B and thus cannot account for the observed dependence. In contrast, our model's Eq. (3.22) predicts the scaling ω ∝ B 8/3 .Figure 4.6(b) shows that the experimental curves of ω normalized according to equation (3.22) collapse with each other, and an excellent agreement between theory and experiments is found, especially for larger clusters. We also performed experiments at a larger field strength (B = 3 mT). However for such such high value the dynamics is no longer well described by our model (see Fig.4.7). We can remark in Fig.4.7(b) that the curve corresponding to B = 3 mT does not fit with other curves corresponding to lower intensities B = 1 mT and 2 mT. For B ≥ 3 mT, magnetic forces may overcome gravity and we observe the formation of clusters with vertically superimposed particles, a configuration that is no longer accounted for by our theory.
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 4 Fig. 4.5 (a) Angular velocity of cluster rotation ω as a function of cluster area A c at different magnetic field frequencies Ω. Experiments are performed with M-450 particles and B = 1 mT. (b) Normalized angular velocity ω/Ω 2/3 , with ω = ω ln -2/3 ( 2 5/2 3 1/4 e 7/3
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 4 Fig. 4.6 (a) Cluster angular velocity ω as a function of cluster area A c (M-450; Ω = 660 Hz) at three different magnetic field intensities B = 0.5, 1 and 2 mT. (b) Normalized cluster angular velocity ω/B 8/3 as a function of A c . The continuous black line is a fit using Eq. (3.22). Error bars are standard deviations over 5 experiments.
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 47 Fig. 4.7 (a) Cluster angular velocity ω as a function of cluster area A c (M-450; Ω = 660 Hz) at three different magnetic field intensities B = 1, 2 and 3 mT. (b) Normalized cluster angular velocity ω/B 8/3 as a function of A c . The continuous black line is a fit using Eq. (3.22). Error bars are standard deviations over 5 experiments.

Fig. 4 . 8

 48 Fig. 4.8 (a) Cluster angular velocity ω as a function of cluster area A c for Ω = 660 Hz, B = 1 mT for two different particle types, Dynabeads M-270 and M-450. (b) Normalized angular velocity ω/(aχ) 4/3 as a function of A c . The continuous black line is a fit using Eq. (3.22). Error bars are standard deviations over 5 experiments. The figure is obtained using the values of χ reported in the literature[START_REF] Fonnum | Characterisation of Dynabeads by magnetization measurements and Mössbauer spectroscopy[END_REF] (see Table3.1).
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 4 Figure 4.8 compares the dynamics of homogeneous clusters of two different particle types, either Dynabeads M-270 or M-450. M-270 particles have a smaller size and a smaller magnetic susceptibility than M-450 particles. We observe that a M-270 cluster rotates slower than a M-450 cluster of the same size.Figure 4.8(a) shows the dependence between ω and A c for the two particle types. In Fig.4.8(b) the results are normalized according to the dependence of particle size a and susceptibility χ predicted by Eq.(3.22). When normalized by our prediction, for large clusters the two curves collapse into a master curve that is in excellent agreement with the prediction of our mean-field model.We have performed a direct measurement of the magnetic susceptibility χ of the particles to verify the values reported in the literature[START_REF] Fonnum | Characterisation of Dynabeads by magnetization measurements and Mössbauer spectroscopy[END_REF]. In the experiment, we have tracked the distance between two particles far from any other particle under the action of a vertical static magnetic field. Balance between particle repulsion and viscous friction, which we suppose dominated by Stokes drag, leads to the theoretical prediction of the interparticle
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 4 Figure 4.8 compares the dynamics of homogeneous clusters of two different particle types, either Dynabeads M-270 or M-450. M-270 particles have a smaller size and a smaller magnetic susceptibility than M-450 particles. We observe that a M-270 cluster rotates slower than a M-450 cluster of the same size.Figure 4.8(a) shows the dependence between ω and A c for the two particle types. In Fig.4.8(b) the results are normalized according to the dependence of particle size a and susceptibility χ predicted by Eq.(3.22). When normalized by our prediction, for large clusters the two curves collapse into a master curve that is in excellent agreement with the prediction of our mean-field model.We have performed a direct measurement of the magnetic susceptibility χ of the particles to verify the values reported in the literature[START_REF] Fonnum | Characterisation of Dynabeads by magnetization measurements and Mössbauer spectroscopy[END_REF]. In the experiment, we have tracked the distance between two particles far from any other particle under the action of a vertical static magnetic field. Balance between particle repulsion and viscous friction, which we suppose dominated by Stokes drag, leads to the theoretical prediction of the interparticle
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 49 Fig. 4.9 Experimental measurement of the radial velocity v between two identical paramagnetic particles repulsing each other under the action of a vertical static magnetic field of magnitude B, as a function of the interparticle distance r. Plot (a) corresponds to M-450 particles (B = 1 mT) and plot (b) to M-270 particles (B = 4 mT). Error bars are standard errors. The black line is the theoretical prediction, with the predicted slope v ∝ r -4 and a vertical offset fitted to the data. The figures are presented as a log-log plot, whereas the insets show the same data using linear axes.
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 4 Fig. 4.10 Redrawing of Fig. 4.8(b) using our direct experimental estimates of χ 1 /χ 2 = 1.80 instead of the value reported in the literature, χ 1 /χ 2 = 2.14.
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 4213 Fig. 4.11 (a) Cluster angular velocity ω as a function of cluster area A c for different compositions φ (defined in Eq. (3.30)). Black circles and black squares, linked with a dashed line as a guide to the eye, are cluster angular velocities measured for homogeneous clusters of M-270 particles (φ = 0) and M-450 particles (φ = 1), respectively. (b) Normalized cluster angular velocity ω/(Fa 1 χ 1 ) 4/3 as a function of A c , with ω = ω ln -2/3 ( 2 5/2 3 1/4 e 7/3
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 4 Fig. 4.12 Internal structure of binary super-paramagnetic colloidal clusters. (a) Evolution of the normalized mean radial distance, d/R c , of the clusters' big (M-450) particles. The inset shows d/R c as a function of cluster radius R c at different times after the magnetic field has been switched on: t = 10 min (green triangles), t = 30 min (blue circles), and t = 70 min (black squares). The red dashed line is the theoretical value d/R c = 2/3 corresponding to an ideally uniform distribution of big particles inside the cluster. The red dotted rectangle (10 µm≤ R c ≤ 20 µm) indicates the data used to produce the main figure. (b) Azimuthal order parameter Q = √ < cos Θ > 2 + < sin Θ > 2 of big particles. Θ is the azimuthal angular coordinate of a big particle with respect to the cluster center. (c) Average bond orientational order parameter as a function of cluster composition φ . Error bars are standard errors. Data in plots (a) and (b) are obtained from clusters of different compositions (0.15 ≤ φ ≤ 0.8).

Fig. 4 .

 4 Fig. 4.13 Experimental radial distribution function of big (M-450) particles at short (green, 10 min), intermediate (blue, 30 min) and long (black, 70 min) times. The vertical dashed lines indicate the theoretical positions of the peaks for an ideal triangular lattice. Inset: Normalized coordination number of big (M-450) particles in binary clusters. N i is the number of M-450 particles that have i M-450 neighbors, and N is the total number of M-450 particles in a cluster, respectively. Two M-450 particles are considered as neighbors if their center-to-center separation distance r ≤ (2a 1 + a 2 ). Error bars are standard errors. Data are obtained from clusters of different compositions (0.15 ≤ φ ≤ 0.8).

Fig. 4 . 3 c

 43 Fig.4.14 Effect of cluster internal structure on rotation dynamics. (a) Normalized angular velocity ω/(Fa 1 χ 1 ) 4/3 as a function of R c at three different times (see plot legend for symbol meanings). F is a parameter that depends on cluster composition and particle characteristics (Eq. 3.28). The continuous red line is the theoretical fit using Eq. 3.22, with the same fit value as used in Fig. 4.11b. (b) Normalized angular velocity ωR 8/3 c /(Fa 1 χ 1 ) 4/3 as a function of d/R c . The dashed red line corresponds to the same theoretical fit shown in plot (a). Error bars are standard errors. Data are obtained from clusters of different compositions (0.15 ≤ φ ≤ 0.8).

Fig. 4 .

 4 Fig. 4.15 (a) Experimental snapshots of the disassembly dynamics of a cluster of 47 particles (Dynabeads M-450). A constant, vertical magnetic field with B = 0.9 mT and θ = 0 • is applied at t = 0. The scale bar corresponds to 20 µm. (b) Evolution of the cluster's size. Circles are experimental measurements and the black line is the prediction given by Eq. (3.41). Error bars represent the uncertainty in measuring the cluster radius. (c) Density profile normalized by the maximal experimental density ρ max (t) as a function of the normalized distance x = r/R, where R is the circle circumscribing the cluster. Circles represent averages over the 14 successive snapshots, with error bars representing standard deviations. The black line is the model's prediction, Eq. (3.43).

Fig. 5 . 1

 51 Fig. 5.1 The mean square displacement (left) and the radial distribution function (right) of a liquid of N = 2178 particles at T = 0.7 and P = 2. The simulation is performed in the NVT ensemble with a Nosé-Hoover thermostat with a timestep dt = 0.0025 and different values of t NH damp = 0.01, 0.1, 1 and 10 and compared to that performed in the microcanonical ensemble (NVE) with dt = 0.005.
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 5253 Fig. 5.2 Snapshots of the system at steady state for x 1 = 0.5, ε 12 = 1. Upper row: ∆T = 0, and (a) T * = 0.5 (T 1 = 0.5, T 2 = 0.5) or (b) T * = 0.7 (T 1 = 0.7, T 2 = 0.7). Lower row: ∆T = 0.6, and (c) T * = 0.5 (T 1 = 0.8, T 2 = 0.2) or (d) T * = 0.7 (T 1 = 1.0, T 2 = 0.5). The hotter species (1) is represented in red and the colder species (2) in blue.

Fig. 5 . 4

 54 Fig. 5.4 (a) Snapshot of the initial configuration resulting from the merging of gas and liquid boxes (both independently equilibrated at T = 0.4 and P = P sat = 0.007). The two gas regions consist of hot particles, while the liquid region consists of cold particles. (b) and (c): Snapshots of the interfacial system at steady state for an average temperature T = 0.4 and an activity ratio (b) α = 1.00 (T 1 = 0.4, T 2 = 0.4) or (c) α = 1.40 (T 1 = 0.552, T 2 = 0.394). The hotter species (1) is represented in red and the colder species (2) in cyan. The composition is x 1 = 0.036 (x 2 = 0.964). The horizontal black lines are the mean position of the interfaces. In (b) there are two gas-liquid interfaces, whereas in (c) there are two additional solid-liquid interfaces resulting from the emergence of the solid region. H Liq and H Sol represent the height of the condensed region (liquid + solid) and of the solid region, respectively. Dimensions of the simulation box are L x = 74.95 and L y = 182.18 (in LJ units).
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 61 Fig. 6.1 Density ρ as a function of the average temperature T * for x 1 = 0.5, ε 12 = 1, and ∆T = 0, 0.3, 0.4, 0.5, 0.6 and 0.8. Error bars are standard deviations over 8 independent MD runs.
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 62 Fig. 6.2 Diffusion coefficient D as a function of the average temperature T * for x 1 = 0.5, ε 12 = 1, and ∆T = 0 (red circles), 0.4 (blue squares), and 0.6 (green triangles).

Fig. 6 . 3

 63 Fig.6.3 Characterization of binary mixtures with x 1 = 0.5 and ε 12 = 1. (a) Mean square displacement (MSD) for a mixture with T * = 0.55 and ∆T = 0.6 for all particles (black line), for the hot particles at T 1 = 0.85 (red line, lighter), and for the cold particles at T 2 = 0.25 (blue line, lightest). (b) MSD for a mixture with T * = 0.65 and ∆T = 0.6 for all particles (solid black line), for the hot particles at T 1 = 0.95 (solid red line, lighter), and for the cold particles at T 2 = 0.35 (solid blue line, lightest). The results are compared to a one-component system at T = 0.65 and the same density as the mixture (green crosses), to a one-component system at T = 0.95 and having either the mixture's density (dashed red line) or the density corresponding to P = 2 (dotted red line), and to a one-component system at T = 0.35 and either the mixture's density (dashed blue line) or the density corresponding to P = 2 (blue circles, superimposed to the horizontal axis). (c) Radial distribution function (RDF) for a mixture with T * = 0.55 and ∆T = 0.6 for all particles (thick solid black line) and partial RDFs g 11 (dotted red line), g 22 (dash-dotted blue line), g 12 (thin solid green line). The inset compares the total RDF of the mixture (solid black line) with the RDF of a one-component system at T = 0.55 and the same density as the mixture (dashed magenta line). The vertical gray lines indicate the theoretical peak positions in a perfect crystal. (d) RDFs for a mixture with T * = 0.65 and ∆T = 0.6. The color code is the same as in plot (c).
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 64 Figure 6.4 (a and b) shows the evolution of the shear modulus G and the bulk modulus K, using their macroscopic definitions (Eqs. (5.2) and (5.3)), as a function of the average temperature, T * , for different values of the temperature difference between the two species, ∆T . The results are consistent with the shift in phase transition with increasing ∆T , shown

Fig. 6 . 4

 64 Fig. 6.4 Characterization of thermomechanical properties of binary mixtures with x 1 = 0.5 and ε 12 = 1. (a) Shear modulus G and (b) bulk modulus K calculated with equations 5.2 and 5.3 as a function of average temperature T * for ∆T = 0 (red circles), ∆T = 0.4 (blue squares), and ∆T = 0.6 (green triangles). The G in (c) and the K in (d) are the same as in (a) and (b), but they were obtained based on the stress fluctuation formalism. Error bars are standard deviations over 8 independent MD runs.

Fig. 6 . 5

 65 Fig. 6.5 Phase-transition characterization of a binary mixture with ε 12 = 1 and different fractions of the hot species, x 1 . (a) Density ρ and shear modulus G, obtained (b) from the macroscopic approach and (c) from the stress fluctuation formalism, as a function of average temperature T * for a one-component system (red circles) and mixtures with ∆T = 0.6 and x 1 = 0.25 (blue squares), x 1 = 0.50 (orange crosses), or x 1 = 0.75 (green triangles). Error bars are standard deviations over 8 independent MD runs.
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 6 Figure 6.7(a) and (b) show the RDF for two binary mixtures at the liquid state to illustrate heterocoordination (ε 12 = 1.5) and homocoordination (ε 12 = 0.5). In a heterocoordinated system (Fig.6.7a) we observe that the first peak of g 12 (green solid line) is significantly more pronounced than the global RDF for all particles, g all (black solid line). The opposite is observed in a homocoordinated system (Fig.6.7b).As we can expect, when ε 12 is small compared to (ε 11 + ε 22 )/2 = ε 11 , the system may demix, especially in low-temperature liquid phase. This possibility exists even when ∆T = 0, as a demixing theory indicates[START_REF] Colby | Polymer Physics[END_REF]. Increasing ∆T certainly favors this segregation. Figure6.7(c) and (d) show snapshots of a liquid binary mixture (T * = 0.8) with ε 12 = 0.5 and either ∆T = 0 (plot c) or ∆T = 0.6 (plot d). In the absence of effective temperature difference,
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 66667 Figure 6.7(a) and (b) show the RDF for two binary mixtures at the liquid state to illustrate heterocoordination (ε 12 = 1.5) and homocoordination (ε 12 = 0.5). In a heterocoordinated system (Fig.6.7a) we observe that the first peak of g 12 (green solid line) is significantly more pronounced than the global RDF for all particles, g all (black solid line). The opposite is observed in a homocoordinated system (Fig.6.7b).As we can expect, when ε 12 is small compared to (ε 11 + ε 22 )/2 = ε 11 , the system may demix, especially in low-temperature liquid phase. This possibility exists even when ∆T = 0, as a demixing theory indicates[START_REF] Colby | Polymer Physics[END_REF]. Increasing ∆T certainly favors this segregation. Figure6.7(c) and (d) show snapshots of a liquid binary mixture (T * = 0.8) with ε 12 = 0.5 and either ∆T = 0 (plot c) or ∆T = 0.6 (plot d). In the absence of effective temperature difference, reduced interparticle affinity (ε 12 = 0.5) favors homocoordonation, but the two particle types

Fig. 6 . 8

 68 Fig. 6.8 Snapshots of the interfacial system at steady state for an average temperature T * = 0.4 and an activity ratio (a) α = T 1 T 2 = 1.00 (T 1 = 0.4, T 2 = 0.4) or (b) α = 1.40 (T 1 = 0.552, T 2 = 0.394). The hotter species (1) is represented in red and the colder species (2) in cyan. The composition is x 1 = 0.036 (x 2 = 0.964). The horizontal black lines are the mean position of the interfaces. In (a) there are two gas-liquid interfaces, whereas in (b) there are two additional solid-liquid interfaces resulting from the emergence of the solid region. H Liq and H Sol represent the height of the condensed region (liquid + solid) and of the solid region, respectively. Dimensions of the simulation box are L x = 74.95 and L y = 182.18 (in Lennard-Jones units).

Fig. 6 . 9

 69 Fig. 6.9 Snapshots of the interfacial system at steady state for an average temperature T * = 0.4 and an activity ratio (a) α = 1.05 (T 1 = 0.419, T 2 = 0.399), (b) α = 1.10 (T 1 = 0.438, T 2 = 0.399), (c) α = 3.00 (T 1 = 1.119, T 2 = 0.373) and (d) α = 6.00 (T 1 = 2.034, T 2 = 0.339). The hotter species (1) is represented in red and the colder species (2) in cyan. Dimensions of the simulation box are L x = 74.95 and L y = 182.18 (in Lennard-Jones units).

Fig. 6 .

 6 Fig.6.10 Radial distribution function for particles placed at the center of the dense region for α = 1.00 (pink curve) and α = 3.00 (blue curve). The vertical dotted lines indicate the theoretical peak positions in a perfect crystal 2D hexagonal lattice with the same density as that of the central zone for α = 3.00.

Fig. 6 .

 6 Fig.6.11 (a) H Liq (black triangles) and H Sol (orange circles) as a function of the activity ratio α for a system with hot and cold particles that are initially segregated. Stars correspond to simulations run from a perfectly mixed initial condition: H Liq (pink stars) and H Sol (yellow stars). The inset shows a magnification of the liquid-solid transition. The vertical red dashed line indicates the critical value of the activity ratio, α c = 1.09. (b) and (c) are the relative fractions of hot particles, x 1,gas , and cold particles, x 2,gas , in the gas bulk. They are normalized by the global fractions x 1 and x 2 . Red and blue circles correspond to an initially segregated system, whereas yellow stars correspond to an initially mixed system. The insets are magnifications of the main figures. The vertical line marks the critical activity ratio α c = 1.09. The horizontal line represents the case of a uniform particle fraction throughout the box.

Fig. 6 .Fig. 6 .

 66 Fig. 6.12 Snapshots comparing the interfacial system at steady state at T = 0.4 and α = 3.00 for two different initial configurations: (a) a completely segregated state and (b) a well-mixed state (which is the steady-state of the case α = 1.00 shown in Fig. 6.8(a)). The hotter species (1) is represented in red and the colder species (2) in cyan. Dimensions of the simulation box are L x = 74.95 and L y = 182.18 (in LJ units).

Fig. 6 .

 6 Fig. 6.14 Normal, P N = P yy (vertical dotted line), and tangential, P T (y) = P xx (y) (cyan triangles), pressure profiles at average temperature T * = 0.4 for (a) α = 1.00, (b) α = 1.40, (c) α = 3.00 and (d) α = 6.00. The dash-dotted horizontal black lines are the mean positions of the gas-liquid interfaces, ±y i . The dashed horizontal black lines are the mean positions of the solid-liquid interfaces. The dotted horizontal black lines indicate the location of the intersections P N (y) = P T (y) in the liquid region (region between dash-dotted and dashed lines). In the case α = 3.00, the normal pressure is shown as it is given by simulation results, i.e. without correcting the artifact resulting from the use of IK1 method. (e) The surface tension γ of the gas-liquid interface as a function of the activity ratio α. The pressure data between the two dotted lines in plots (b) and (c) are not used in the calculation of γ (see Eq. (6.4)). The grey vertical dashed line denotes the value of the critical activity ratio, α c = 1.09. The green and the red dashed lines are linear fits highlighting the change of slope before and after α c (slopes of green and red dashed lines are -0.29 and -0.048, respectively). (f) The temperature at the gas-liquid interface, T interface , as a function of activity ratio α. Error bars in (e) and (f) are standard deviations over 10 independent MD runs.

Fig. 6 .

 6 Fig. 6.15 Temperature profiles of hot (red) and cold (blue) particles for different activity ratios: (a) α = 1.10, (b) α = 1.40, (c) α = 3.00 and (d) α = 6.00.The circles are results of MD simulations, while the dashed lines are numerical solutions of Eqs. 6.10. The vertical dotted lines correspond to the partial temperature profiles if the partial density profiles, ρ h and ρ c , were uniform. We also show the partial density profiles, obtained from simulations, of hot (pink dash-dotted line) and cold (dark green dash-dotted line) particles.

Fig. A. 1

 1 Fig. A.1 Representation of geometrical quantities involved in the calculation of the radial distribution function. We consider a circular cluster of center O and radius R c , and a reference particle P at a distance x from O. The particles located at a distance (r, r + dr) of the reference particle P are those within the shaded circular arc region AB, of length l(x, r, R c ).
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 123 Fig. B.1 Snapshots of the final configuration of a binary system of 2400 particles (x 1 = x 2 = 0.5)) after a NPT simulation of 2 • 10 6 time steps (with dt = 0.005) at P = 2 and T = 0.7, and for different parameters of the (truncated-shifted) Lennard-Jones potential,

Fig. B. 4 12 T=0. 7 ;Fig

 4127 Fig. B.4 Snapshots of the final configuration of a binary system of 2400 particles (x 1 = x 2 = 0.5)) after a NPT simulation of 2 • 10 6 time steps (with dt = 0.005) at P = 2 and T = 1, and for different parameters of the (truncated-shifted) Lennard-Jones potential,
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 2132 (a) An active Brownian particle (1 µm in radius) that self-propels in water with a velocity v. The particle is characterized by its position on the xy-plane and its orientation φ . (b-e) From passive to active Brownian motion. (b) Passive Brownian motion (v = 0 µm s 1 ) and (c-e) active Brownian motion for increasing self-propulsion speeds.(c) v = 1 µm s 1 , (d) v = 2 µm s 1 and (e) v = 3 µm s 1 . For each velocity, four trajectories lasting for the same amount of time (10 s) are shown. Adapted from [8]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3 Trajectories of active Brownian particles corresponding to different models for active motion. (a) Rotational diffusion dynamics (or simply active Brownian motion). (b) run-and-tumble dynamics. (c) dextrogyre and (d) levogyre chiral active Brownian motion. (e) Gaussian noise reorientation motion. Adapted from [49]. . . . . . . . . . . . . . . . . . . . . . . . . . . 2.4 Mean square displacement (MSD) of active Brownian particles of selfpropulsion velocity v (in the figure the time t is denoted by τ). Numerical (symbols) and theoretical (lines) results are shown forv = 0 µm s -1 (circles), v = 1 µm s -1 (triangles), v = 2 µm s -1 (squares), and v = 3 µm s -1 (diamonds). For a passive Brownian particle (v = 0 µm s -1 ,circles) the motion is always diffusive [MSD(t) ∝ t], while for an active Brownian particle the motion is diffusive with diffusion coefficient D T at very short time scales [MSD(t) ∝ t for t ≪ τ R ], super-diffusive at intermediate time scales [MSD(t) ∝ t 2 for t ≈ τ R ], and again diffusive but with an enhanced diffusion coefficient at long time scales [MSD(t) ∝ t for t ≫ τ R ]. Adapted from [8]..4.6 (a) Cluster angular velocity ω as a function of cluster area A c (M-450; Ω = 660 Hz) at three different magnetic field intensities B = 0.5, 1 and 2 mT. (b) Normalized cluster angular velocity ω/B 8/3 as a function of A c . The continuous black line is a fit using Eq. (3.22). Error bars are standard deviations over 5 experiments. . . . . . . . . . . . . . . . . . . . . . . . . 4.7 (a) Cluster angular velocity ω as a function of cluster area A c (M-450; Ω = 660 Hz) at three different magnetic field intensities B = 1, 2 and 3 mT. (b) Normalized cluster angular velocity ω/B 8/3 as a function of A c . The continuous black line is a fit using Eq. (3.22). Error bars are standard deviations over 5 experiments. . . . . . . . . . . . . . . . . . . . . . . . . 4.8 (a) Cluster angular velocity ω as a function of cluster area A c for Ω = 660 Hz, B = 1 mT for two different particle types, Dynabeads M-270 and M-450. (b) Normalized angular velocity ω/(aχ) 4/3 as a function of A c . The continuous black line is a fit using Eq. (3.22). Error bars are standard deviations over 5 experiments. The figure is obtained using the values of χ reported in the literature [123] (see Table 3.1). . . . . . . . . . . . . . . . . . . . . . . . . 4.9 Experimental measurement of the radial velocity v between two identical paramagnetic particles repulsing each other under the action of a vertical static magnetic field of magnitude B, as a function of the interparticle distance r. Plot (a) corresponds to M-450 particles (B = 1 mT) and plot (b) to M-270 particles (B = 4 mT). Error bars are standard errors. The black line is the theoretical prediction, with the predicted slope v ∝ r -4 and a vertical offset fitted to the data. The figures are presented as a log-log plot, whereas the insets show the same data using linear axes. . . . . . . . . . . . . . . . . . 4.10 Redrawing of Fig. 4.8(b) using our direct experimental estimates of χ 1 /χ 2 = 1.80 instead of the value reported in the literature, χ 1 /χ 2 = 2.14. . . . . . . 4.11 (a) Cluster angular velocity ω as a function of cluster area A c for different compositions φ (defined in Eq. (3.30)). Black circles and black squares, linked with a dashed line as a guide to the eye, are cluster angular velocities measured for homogeneous clusters of M-270 particles (φ = 0) and M-450 particles (φ = 1), respectively. (b) Normalized cluster angular velocity ω/(Fa 1 χ 1 ) 4/3 as a function of A c , with ω = ω ln -2/3 ( 2 5/ln -4/3 ( R c a 2 ) and F a parameter that depends on cluster composition and particle characteristics (Eq. (3.28)). The continuous red line is a fit using Eq. (3.22). Experiments are performed with θ = 90 • , B = 1 mT and Ω = 660 Hz. Error bars are standard errors over clusters from 14 different experiments. . . . . 6.3 Characterization of binary mixtures with x 1 = 0.5 and ε 12 = 1. (a) Mean square displacement (MSD) for a mixture with T * = 0.55 and ∆T = 0.6 for all particles (black line), for the hot particles at T 1 = 0.85 (red line, lighter), and for the cold particles at T 2 = 0.25 (blue line, lightest). (b) MSD for a mixture with T * = 0.65 and ∆T = 0.6 for all particles (solid black line), for the hot particles at T 1 = 0.95 (solid red line, lighter), and for the cold particles at T 2 = 0.35 (solid blue line, lightest). The results are compared to a one-component system at T = 0.65 and the same density as the mixture (green crosses), to a one-component system at T = 0.95 and having either the mixture's density (dashed red line) or the density corresponding to P = 2 (dotted red line), and to a one-component system at T = 0.35 and either the mixture's density (dashed blue line) or the density corresponding to P = 2 (blue circles, superimposed to the horizontal axis). (c) Radial distribution function (RDF) for a mixture with T * = 0.55 and ∆T = 0.6 for all particles (thick solid black line) and partial RDFs g 11 (dotted red line), g 22 (dashdotted blue line), g 12 (thin solid green line). The inset compares the total RDF of the mixture (solid black line) with the RDF of a one-component system at T = 0.55 and the same density as the mixture (dashed magenta line). The vertical gray lines indicate the theoretical peak positions in a perfect crystal. (d) RDFs for a mixture with T * = 0.65 and ∆T = 0.6. The color code is the same as in plot (c). . . . . . . . . . . . . . . . . . . . . . 6.4 Characterization of thermomechanical properties of binary mixtures with x 1 = 0.5 and ε 12 = 1. (a) Shear modulus G and (b) bulk modulus K calculated with equations 5.2 and 5.3 as a function of average temperature T * for ∆T = 0 (red circles), ∆T = 0.4 (blue squares), and ∆T = 0.6 (green triangles). The G in (c) and the K in (d) are the same as in (a) and (b), but they were obtained based on the stress fluctuation formalism. Error bars are standard deviations over 8 independent MD runs. . . . . . . . . . . . . . . . . . . . . . . . . . 6.5 Phase-transition characterization of a binary mixture with ε 12 = 1 and different fractions of the hot species, x 1 . (a) Density ρ and shear modulus G, obtained (b) from the macroscopic approach and (c) from the stress fluctuation formalism, as a function of average temperature T * for a one-component system (red circles) and mixtures with ∆T = 0.6 and x 1 = 0.25 (blue squares), x 1 = 0.50 (orange crosses), or x 1 = 0.75 (green triangles). Error bars are standard deviations over 8 independent MD runs. . . . . . . . . . . . . . . List of figures 6.6 Phase-transition characterization of a binary mixture with x 1 = 0.5 and different interparticle affinities ε 12 . (a) Density ρ and shear modulus G, obtained (b) from the macroscopic approach and (c) from the stress fluctuation formalism, as a function of average temperature T * for a mixture with either ∆T = 0 (lighter empty markers) or ∆T = 0.6 (darker full markers) for three different interparticle interactions: ε 12 = 1.5 (red circles), ε 12 = 1.0 (blue squares), or ε 12 = 0.5 (green triangles). Error bars are standard deviations over 8 independent MD runs. . . . . . . . . . . . . . . . . . . . . . . . . . 116 6.7 Structure of binary mixtures with x 1 = 0.5 and different interparticle affinities. (a) A mixture with T * = 0.8, ∆T = 0.6, and ε 12 = 1.5. Radial distribution function for all particles (thick solid black line) and partial radial distribution functions g 11 (dotted red line), g 22 (dash-dotted blue line), g 12 (thin solid green line). (b) A mixture with ε 12 = 0.5. All other parameters as well as the color code are identical to plot (a). (c) Snapshot at steady state for a mixture of two species at the same temperature, T 1 = T 2 = T * = 0.8 (∆T = 0) and ε 12 = 0.5. (d) Snapshot at steady state for a mixture with T * = 0.8, ∆T = 0.6, and ε 12 = 0.5. The hotter species is represented in red and the colder in blue. 117 6.8 Snapshots of the interfacial system at steady state for an average temperature T * = 0.4 and an activity ratio (a) α = T 1 T 2 = 1.00 (T 1 = 0.4, T 2 = 0.4) or (b) α = 1.40 (T 1 = 0.552, T 2 = 0.394). The hotter species (1) is represented in red and the colder species (2) in cyan. The composition is x 1 = 0.036 (x 2 = 0.964). The horizontal black lines are the mean position of the interfaces. In (a) there are two gas-liquid interfaces, whereas in (b) there are two additional solid-liquid interfaces resulting from the emergence of the solid region. H Liq and H Sol represent the height of the condensed region (liquid + solid) and of the solid region, respectively. Dimensions of the simulation box are L x = 74.95 and L y = 182.18 (in Lennard-Jones units). . . . . . . . . . . . . 119 6.9 Snapshots of the interfacial system at steady state for an average temperature T * = 0.4 and an activity ratio (a) α = 1.05 (T 1 = 0.419, T 2 = 0.399), (b) α = 1.10 (T 1 = 0.438, T 2 = 0.399), (c) α = 3.00 (T 1 = 1.119, T 2 = 0.373) and (d) α = 6.00 (T 1 = 2.034, T 2 = 0.339). The hotter species (1) is represented in red and the colder species (2) in cyan. Dimensions of the simulation box are L x = 74.95 and L y = 182.18 (in Lennard-Jones units). . . . . . . . . . . 120 6.10 Radial distribution function for particles placed at the center of the dense region for α = 1.00 (pink curve) and α = 3.00 (blue curve). The vertical dotted lines indicate the theoretical peak positions in a perfect crystal 2D hexagonal lattice with the same density as that of the central zone for α = 3.00.121 6.11 (a) H Liq (black triangles) and H Sol (orange circles) as a function of the activity ratio α for a system with hot and cold particles that are initially segregated. Stars correspond to simulations run from a perfectly mixed initial condition: H Liq (pink stars) and H Sol (yellow stars). The inset shows a magnification of the liquid-solid transition. The vertical red dashed line indicates the critical value of the activity ratio, α c = 1.09. (b) and (c) are the relative fractions of hot particles, x 1,gas , and cold particles, x 2,gas , in the gas bulk. They are normalized by the global fractions x 1 and x 2 . Red and blue circles correspond to an initially segregated system, whereas yellow stars correspond to an initially mixed system. The insets are magnifications of the main figures. The vertical line marks the critical activity ratio α c = 1.09. The horizontal line represents the case of a uniform particle fraction throughout the box. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 6.12 Snapshots comparing the interfacial system at steady state at T = 0.4 and α = 3.00 for two different initial configurations: (a) a completely segregated state and (b) a well-mixed state (which is the steady-state of the case α = 1.00 shown in Fig. 6.8(a)). The hotter species (1) is represented in red and the colder species (2) in cyan. Dimensions of the simulation box are L x = 74.95 and L y = 182.18 (in LJ units). . . . . . . . . . . . . . . . . . . . . . . . . 124 6.13 Total and partial number density profiles for (a) α = 1.00, (b) α = 1.40, (c) α = 3.00 and (d) α = 6.00. The green solid curve is the total density profile, ρ(y). The blue dashed and the red dotted curves are the partial density profiles of cold and hot particles, respectively. The dash-dotted horizontal black lines are the mean position of the gas-liquid interfaces, ±y i . The dashed horizontal black lines are the mean position of the solid-liquid interfaces. The dotted horizontal black lines correspond to the positions ±y w where the global density is equal to ρ w (see Eq. (6.2)). The distance between the dotted and dot-dashed horizontal black lines defines the width of the gas-liquid interface, w. (e) The interfacial width w (in units of σ ), as a function of the activity ratio, α. The vertical red dashed line denotes the critical activity ratio α c . Error bars are standard deviations over 10 independent MD runs. . 125
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  2 c ). By taking into account this generalized form of χ ′′

eff and balancing the magnetic and viscous torques (Eq. (3.7) and Eq. (3.8)), equation (3.9) becomes:
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	P sat T (≡ T * ) α t NH damp dt	Saturation pressure (at equilibrium, i.e. α = 1) Average temperature of all particles Activity ratio, T 1 T 2 Nosé-Hoover thermostat damping time Simulation time step	0.007 0.4 variable 0.1 5 • 10 -3 ( * )
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Simulations of two-temperature systems: Methods directions). The results show that the liquid-liquid interface can be obtained for the case of strong pure unlike-repulsion (ε 12 = 1 and r cut = 2 1/6 ). The figures (shown in Section B.2 of Appendix B) show that the interfaces become rough or even unstable when the temperature T is increased. The increase of differential activity in such systems led to the crystallization of the cold species. This lead is not pursued in this thesis, because of extra difficulties to characterize surface tension of liquid-solid interfaces [START_REF] Allen | Computer Simulation of Liquids[END_REF].

In another preliminary test, we set the system parameters (global density, pressure, and temperature) to develop a one-component interfacial system with a planar gas-liquid interface. We then randomly label half of the system particles as hot and the other half as cold (see Fig. 5.5(a)). A small temperature difference, α = 1.1 (T 1 = 0.42, T 2 = 0.38), between the species leads to rapid solidification of most of the liquid region, resulting in a solid phase that seems to be embedded in a tiny remaining liquid phase (see Fig. 5.5(b)). A local segregation phenomenon based on particle types is also observed (see Fig. 5.5(b)). Since our goal is to study the effects of activity on the properties of the liquid-gas interface, an equimolar interfacial system is not suitable for our objective.

Therefore, in this thesis we focus on the case where two species, one more active than the other, are initially brought into contact, and we study the resulting steady-state interfacial properties of this binary system. This setup can provide a simplified analogy for biological interfaces between two different tissues, such as those present in embryonic development and cancer progression [START_REF] Batlle | Molecular mechanisms of cell segregation and boundary formation in development and tumorigenesis[END_REF][START_REF] Brú | The universal dynamics of tumor growth[END_REF] 5.3 Computational details for relevant physical properties 103 5.3 Computational details for relevant physical properties

Thermomechanical properties of the homogeneous system

We characterize the macroscopic mechanical behavior of our homogeneous system by computing the shear modulus G and the bulk modulus K, whose macroscopic definitions are:

the ratio between a small increment of the average shear stress and a small shear strain, and

with ρ = N/S the particle density. These parameters have been used to experimentally characterize the mechanical response of active, living tissues [START_REF] Delarue | Stress distributions and cell flows in agrowing cell aggregate[END_REF]. To compute these properties using finite-deformation method, we impose six different types of deformation of the simulation box, in order to induce a strain ε xx = ±0.01 or ε yy = ±0.01 or ε xy = γ xy /2 = ±0.01. After system equilibration, we evaluate the terms of the stress tensor and deduce the parameters G and K. The final values are obtained by averaging over 8 independent simulations. The value of the imposed strain was chosen from numerical tests that showed modulus results to become independent of the value of ε for 0.01 ≤ ε < 0.1. The latter conclusion is based on the results of our test. Some of these tests are shown in Table 5. [START_REF] Lijeström | Active structuring of colloids through field-driven self-assembly[END_REF]. We know that a good choice of the strain ε should lead to independent numerical elastic constants that respect the following criteria: G 1 = G 2 and B 11 = B 22 [START_REF] Li | Glass transition of two-dimensional 80-20 Kob-Andersen model at constant pressure[END_REF]. Indeed, we find that the shear moduli, G 1 and G 2 , converge at 0.01 ≤ ε < 0.1 for both temperatures T = 0.5 (solid) and T = 0.7 (liquid, G = 0). The obtained values of K remain almost same for the three studied values of ε. The values of G 1 and G 2 should be zero for T = 0.7 (liquid), which is however not the case for ε = 0.001. This confirms that this strain's value is too small as it induces numerical errors. The values of G and K obtained with ε = 0.01 and ε = 0.02 are both acceptable and in good agreement with values reported in [START_REF] Li | Glass transition of two-dimensional 80-20 Kob-Andersen model at constant pressure[END_REF]. Based on the criterion B 11 = B 22 ( we remark that |B 11 -B 22 |/K is larger for ε = 0.02) we choose the strain value ε = 0.01 to compute the thermomechnical properties through the finite-deformation (macroscopic) method. We also consider the computation of the thermomechanical properties G and K based on the stress fluctuation formalism presented in Chapter 2. We remind that this method, first introduced by Squire et al. [START_REF] Squire | Isothermal elastic constants for argon. theory and Monte Carlo calculations[END_REF], allows obtaining macroscopic elastic properties from the microscopic simulation results, without the need to impose a strain to the system. In this calculation, we account for the impulsive correction, which is required by the use of a

Appendix A

Radial distribution function with boundary effects

In this appendix we explain how to compute a radial distribution function for data arising from a collection of finite-size 2D clusters of different sizes. In chapter 4, we apply this method to calculate the partial radial distribution function of big particles in binary clusters consisting of small and big particles. Let us first study a single cluster of total surface A c containing N big particles. In our calculation, we will approximate the cluster shape by a perfect disc of radius R c = A c /π centered at the cluster's barycenter O. As represented in Fig. A.1, let us consider a reference big particle P located at a distance x from the cluster's center. When big particles are uniformly distributed within the cluster area, the number of big particles at a distance (r, r + dr) from the reference particle is:

where l(x, r, R c ) = 2αr and the meaning of the geometrical parameters is shown in Fig

The angle α is constrained by the cluster boundary as:

Considering all possible particle positions, the average arc length for a separation distance r is:

is the average number of big particles found at a distance (r, r + dr) from a reference particle, and Π k (r) is number of big particle pairs separated by a distance (r, r + dr) in the k-th cluster, which is determined experimentally. Moreover,

is the average number of big particles found at a distance (r, r + dr) from a reference particle in the case of an ideally uniform particle distribution. For each cluster k, of radius R c,k = A c,k /π and containing N k big particles, dN

0 is defined as:

Appendix B Additional studies and details

In this appendix we give some supplementary information and studies of the two-temperature gas-liquid interfacial system, presented in Chapters 5 and 6.

B.1 Activity ratio and its corresponding hot/cold temperatures Table B.1 shows the temperature values, T 1 and T 2 , of the two species. We remind that the global average temperature, defined as T = x 1 T 1 + x 2 T 2 (denoted also T * ), is kept constant when α = T 1 /T 2 changes. Because the number of cold particles in our interfacial system is very high compared to that of hot particles, a small increase of α leads to a remarkable increase of the temperature of hot particles and tiny decrease of the temperature of cold particles (see Table B.1).

Table B.1 Some α values used in this study and their corresponding T 1 and T 2 for a binary system of particle fractions x 1 = 0.036 and x 2 = 1x 1 = 0.964, and global average temperature ) leads to the following conclusions: For the cases with r cut = 2.5, the system maintains an interface only at T = 0.7 and ε 12 = 0.25. Increasing either the temperature T or the affinity ε 12 destroys the liquid-liquid interface and leads to a mixed system. However, in the cases with pure inter-species repulsion, the two species remain well separated up to T = 0.9. In this case, we also find that the interfaces are destabilized when T > 0.9. We also note that the roughness and permeability of the interface depend on ε 12 . When ε 12 is high, the interface is smoother and fewer particles are able to migrate from one block to another. Our tests show that systems at T = 0.7 and with pure repulsive unlike interactions have stable liquid-liquid interfaces. They could therefore be used as reference equilibrium systems to systematically study the effects of activity on a binary system with a liquid-liquid interface. We also try to obtain a fluid-fluid interface by playing with the parameters of the LJ potential. We start with a separated binary system and then run a molecular simulation in the canonical ensemble. Here, the sizes of the two types of particles are slightly different to favor the separation of the two types. The parameters of the (truncated-shifted) Lennard-Jones potential used to control the interspecies interaction are r cut and σ 12 . The other parameters are held constant (see the text box in Fig. B.5). We set the cut-off of the potential of the unlike particles to r c = 2 1/6 σ 12 , so that the interactions between the two types of particles are repulsive. Fig. B.5(a) shows that at low temperature T = 0.5 and σ 12 = (σ 11 + σ 22 )/2 = 0.925 we have a solid-liquid interface. However, at high temperatures and for all σ 12 values, the system forms a liquid-liquid interface. For σ 12 = 1, the repulsion between type 1 and type 2 particles is very strong, resulting in an empty region between the two types of particles (see Fig.

B.5(d)).

List of figures 2.5 (a) A schematic of two identical spherical magnetic particles i and j, modeled as point dipoles, with dipole moments (m i = m j = m, represented by black arrows), center-to-center distance r i j , applied magnetic field H 0 , and the angle θ between H 0 and r i j . (b) Two dipoles aligned side-by-side (θ = 90