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Introduction

Functional materials with desired crystal morphologies have demonstrated a vast range of applications because of their advanced properties, such as the ability to achieve thermal, optical and acoustic rectification [1]- [3]. Novel fabrication techniques based on magnetic self-assembly, as an attractive method for positioning particles, are currently drawing extensive research interests [4]- [8]. Nevertheless, manipulating micro-and nanoparticles remains a challenge in practice. Moreover, it is not always practical to experimentally study the multitude of potential self-assembled structures that could be achieved under various conditions. Thus in this study a twodimensional numerical model is developed to provide an improved understanding as well as a visualization of the magnetic assembly process. In the simulation, dipole-dipole interaction among the particles and hydrodynamic drag between particles and matrix fluid are taken into consideration. Three cases consisting of particles on size ranging from micrometer to millimeter were modeled and compared with experimental results. Both in experiments and simulation, the binary systems composed of identical and different sized particles are investigated. The magnetic field intensity (H), global particle concentration (ϕ), and relative particle concentration (φ) are evaluated for various structures formation. Finally, the evolution of typical assembled structures is simulated and observed in-situ, and a better understanding of the magnetic self-assembly process is achieved by a straightforward manner.

Numerical methodology

The assumptions applied in the present model are: 1) Each spherical particle is a point dipole and magnetized parallel to the imposed magnetic field orientation; 2) The magnetic field is assumed to be homogeneous by neglecting the distortion of the local field by the dipole moment; 3) The surrounding fluid is assumed to be under the creeping flow limit, and Stokes drag approximation is applicable in this model. When a particle system is immersed in a liquid medium, the dipole-dipole interaction energy (U ij , J) of particle i provoked by particle j subjected to a magnetic field (B, T) is calculated as [START_REF] Cullity | Introduction to Magnetic Materials[END_REF]- [START_REF] Sun | [END_REF]     
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where l ij (m 3 ) denotes distance between the centers of particles i and j; e ij is a unit vector joining the centers of two particles; m (J•T -1 ) is the magnetic moment given by

V   m H
(2) where V (m 3 ), H (N•m -1 •A -1 ) and χ (SI) are the particle volume, field intensity at particle center and effective volume magnetic susceptibility, respectively. The effective magnetic susceptibility of particle i (χ i ) can be estimated as [7], [12]  
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where μ i and μ l are, respectively, the magnetic permeability of the particles of interest and that of surrounding liquid. All the particles are suspended in the fluid, so the gravity and buoyance is neglected when the particles movement in the perpendicular orientation to the gravity field is considered. According to Newton's second law, the movement of an arbitrary particle i is governed by , 1
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where , 1

N i j j    ij
F is the sum of magnetic dipole-dipole interaction force acting on particle i, which can be calculated by differentiation of Eq. ( 1)
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The drag force F d follows Stokes drag approximation [START_REF] Bird | Transport Phenomena[END_REF],
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where η (Pa•s) is the viscosity of the liquid medium and r (m) is the radius of the interesting particle. Eq. ( 4) is integrated using a numerical method based on the Verlet algorithm [START_REF] Satoh | roduction to Molecular-Microsimulation of Colloidal Dispersions[END_REF], as given by Eq. ( 7). 
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where v(t) (m/s), r(t) (m) and v(t 0 ) (m/s), r(t 0 ) (m) represent the velocity and position of a particle at time of t and t 0 , respectively; ξ = 6πηr indicates the drag coefficient. Therefore, the migration of particles can be calculated by using the Verlet algorithm. Three typical cases [START_REF] Khalil | [END_REF]- [17] that had been experimentally studied were considered in the present simulation. In Khalil and Li's cases [START_REF] Khalil | [END_REF], [16], a mixture of magnetic and non-magnetic particles was immersed in Fe 3 O 4 ferrofluid. The magnetic permeability of the ferrofluid (μ f ) was changed by varying the global Fe 3 O 4 concentration (ϕ, %), then the magnetic susceptibility of the particles (χ m and χ n ) was adjustable accordingly, as indicated by Eq. (3). The relative particle concentration was defined as φ = n n /n m , in which n n and n m were the number of non-magnetic and magnetic particles, respectively. Varga et al. performed experiments with a simple setup that allowed the millimeter sized particles to float on the surface of water by placing the particles on a cork disk. No external field was used since the magnitude of the dipole moment was strong enough by the placement of particles with corresponding magnetization in Varga's experiment [18]. As shown in Table 1, all the other parameters applied in the simulation were taken from the corresponding experimental conditions, where 1) Khalil and Li's case had a micrometer size scale but the binary system of Li' case was composed by different size particles; 2) the particles went to a millimeter scale in Varga's case. Each initial configuration of the particles was generated by uniform random numbers within a square. The time interval Δt (s) in different cases was determined by considering to reduce the computation time as well as to ensure the convergence of the calculation. For instance, in the simulation of Li's case [16], Δt was finally selected as 1.0×10 -6 s because 1) Δt of 1.0×10 -7 s lead to a divergent calculation with oscillation; 2) Δt of 1.0×10 -7 s resulted to a huge computation time without significantly effects on the stable state. 

Results and discussion

In Khalil's experiment, different assembled structures formed by binary colloidal particle with commensurate size in micrometer scale were observed via varying the relative particle concentration (φ) and global concentration (ϕ) of the Fe 3 O 4 ferrofluid. As a result, the relative effective magnetic susceptibility (χ m /χ n , χ m and χ n are the susceptibility of magnetic and non-magnetic particles, respectively) was changed. Specifically, under the condition of χ m /χ n = -1.5 and number ratio of magnetic and non-magnetic particles (n n /n m ) of 3, a typical R 4 ring structure (one paramagnetic particle is surrounded by other 4 diamagnetic particles) was observed experimentally as shown in Fig. 1(a). A detailed description of this structure can be seen in Khalil's work [START_REF] Khalil | [END_REF]. A comparison is made between the experimental observations and simulation results using the parameters shown in Table 1. Typical R 4 rings structure can be predicted by this model, as demonstrated in Fig. 1 Li's experimental system consisted of binary colloids with distinguished diameter, e.g. 2.7×10 -6 m for superparamagnetic components and 9.9×10 -6 m for diamagnetic components. Through choosing a proper range of global ferrofluid concentration (ϕ), the magnetic susceptibilities of superparamagnetic and diamagnetic particles satisfied the condition: χ m > 0 > χ n . Referring to Eq. ( 5), the interaction is attractive between unlike particles and repulsive between like particles. Due to the size difference, the bigger particle (diamagnetic) served as a core of ring; meanwhile, the smaller ones (magnetic) arranged around the core and separated from each other as far as possible. This allows possibilities to control the particle separation distance on the ring by adjusting ϕ. The evolution of the rings from R 3 to R 7 with increasing ϕ within the range of 0.20% to 1.30% shows a good agreement with Li's experiment results. In the range ϕ > 1.6%, R 8 and R 9 structures are observed. However, the morphology of R 2 ring formed at the concentration of ϕ = 0.1%, where the magnetic particles located in the opposite position on the edge of the core, was not as predicted as Fig. 2(a). The possible reason for this discrepancy may be that in order to avoid local depletion effects, the simulation particles system ensured that the diamagnetic particle was surrounded by enough magnetic particles, instead of using millions of particles like in the experiments. When ϕ = 0.1% (χ m = 1.48 [SI], χ n = -0.02 [SI]), the magnetic interactions are much weaker compared to the condition of ϕ > 0.2% (χ m > 1.46 [SI], χ n < -0.04 [SI]). Consequently, the repulsive interaction between magnetic particles cannot provide sufficient energy to separate from each other with enough distance, leading to the morphology as shown in Fig. 2(b).

Varga studied the structure formation of a binary system floated on the water surface. The particles system consisted of two sorts of particles with identical size but opposite dipole moment orientation. The final structures were found to be dependent on the concentration of the total particles c (defined as the area fraction of total particles in the box) and relative concentration φ [18]. All the particles have a randomized distribution in the beginning. Fig. 3 (a) shows that chainlike structures that are formed under a certain condition (c<0.15). In Varga's experiment, chain-chain aggregation was observed when the concentration is lower than 0.15. In the present simulation c = 0.073 is used, which is in the formation range of chainlike clusters. Several separate chains are generated as an energetically favorable structure [18], as represented in Fig. 3 (b). Apprently, the present simulation is in good aggreement with Varga's experiment. 

Conclusion

A numerical model is developed based on the magnetic interactions in the present study. The dipole-dipole interaction force among the particles is found to be the governing force of forming various crystalline morphologies. By using the numerical model, different cases are simulated using the parameters taken from corresponding experiments, covering the size range from micrometer to millimeter scale. In particular, the particle systems with different sizes are investigated. Several different assembled morphologies are observed in the simulation, which are in good agreement with experimental results, providing a fundamental insight into the dependence of particle movement on magnetic dipole-dipole interaction. The effect of magnetic field intensity (H), global particle concentration (ϕ), and relative particle concentration (φ) on the assembled structures is quantitatively evaluated. Consequently, desired assembled structures can be effectively controlled by adjusting H, ϕ, and φ. We conclude that the present model is able to explore the self-assembly process, offering a promising method to prepare complex crystalline materials.
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 1 Fig. 1: Comparison of (a) Khalil's experimental [15] and (b) simulation results with respect to the R 4 ring structure. (c) indicates the external field direction. R 4 rings result from the magnetic dipole interactions and typical morphology of R 4 ring can be predicted by the simulation under the condition of χ m /χ n = -1.5 and n n /n m = 3 (red particles are diamagnetic, and black particles are paramagnetic). Scale bar is 5 μm.

  (b). A necessary condition of forming large, single-domain crystalline structures (R 4 ring) is that χ m /χ n = -1.5 and n n /n m = 3 in every unit cell of the crystal containing 4 diamagnetic particles and 1 paramagnetic particle. Meeting the requirements means no local excess of net dipole density is allowed. In our simulation, χ m /χ n = -1.5 and n n /n m = 3 are satisfied for the global system but still with some local excess of net dipole density, leading to the coexistence of other structures (indicated by the frame located in the bottom of Fig.1(b)). This is the possible reason for the tendency to form mixtures of different structures, instead of all the magnetic particles stabilized as R 4 ring. Despite this discrepancy, the present model agrees well with the experimental results.

Fig. 2 :

 2 Fig.2: Comparison of Li's (a) experimental[16] and (b) the present simulation results. The global concentration (ϕ) incrased from 0.1% to 2.0%; field intensity is 2387 A·m; the size of magnetic (brown) and non-magnetic (green) particles is 2.7×10 -6 m and 9.9×10 -6 m, respectively. The scale bar is 5×10 -6 m.

Fig. 2 (

 2 a) shows the diagram obtained by Li's experiments, representing the regimes for each colloidal ring structure with increasing ferrofluid concentration. The self-assembled structures demonstrate different morphologies (from R 2 to R 7 , where the number indicates the magnetic particles surrounding the core) via increasing the global concentration. Fig. 2(b) depicts the ring structure obtained from our simulation work.
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 3 Fig. 3: Comparison of Verga's (a) experimental [18] and (b) the present simulation results. The global concentration (ϕ) is 10%. Red color indicates the dipole moment poiting outside to the water suface, while the yellow color represents downwards dipoles. The scale bar is 0.1 m.

Table 1 .

 1 The parameters used in the simulation for different cases[START_REF] Khalil | [END_REF],[16],[18] 

		Khalil's case	Li's case	Varga's case
	Field intensity (A·m)	3979	2387	Moments: 0.115 A·m 2
	Global concentration (%)	0.3	0.10-1.8	7.3
	Relative concentration	3	0.033	1
		Paramagnetic1.0×10 -6	Paramagnetic: 2.7×10 -6	
	Particle diameter (m)	Diamagnetic 1.0×10 -6	Diamagnetic: 9.9×10 -6	0.026
	Time interval (s)	1.0×10 -5	1.0×10 -6	1.0×10 -4