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ABSTRACT 
A bottom-up approach to the nanofabrication of three-

dimensional (3D) crystalline structures of magnetic core-
shell nanoparticles is presented. The approach is based on 
self-assembly and involves the use of soft-magnetic template 
elements to guide the assembly in the presence of a uniform 
bias field. The combination of a bias field and template-
induced gradient fields provides localized regions of 
attractive and repulsive magnetic force that enable nanoscale 
control of particle placement during assembly. The method 
is demonstrated using a computational model that predicts 
particle dynamics during assembly and the final assembled 
structure. The analysis demonstrates that 3D crystalline 
superstructures can be assembled within milliseconds and 
that the feature resolution of the assembled structure can be 
tailored by controlling the process variables. This method of 
nanofabrication opens up opportunities for the scalable 
fabrication of nanostructured materials with unprecedented 
properties for a broad range of applications. 
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1 INTRODUCTION 
The interest in the field-directed control of magnetic 

particles has grown steadily in recent years due to rapid 
advances in particle synthesis and related enabling 
technologies [1-4]. Applications in this field include gene 
transfection [5,6], drug delivery [7,8], microfluidic-based 
bioseparation [9] and sorting [10]. Researchers have also 
explored the use of magnetic paticles’ self-assembly to 
enable a bottom-up approach for the scalable fabrication of 
nanostructured materials, e.g. for photonic [11,12], 
magnetic, micro-optical [13] and electronic applications 
[14,15]. Such an approach would open up opportunities for 
the low-cost high-throughput production of functional 
nanocomposite materials. 

 In this presentation we demonstrate a method for 
controlling the self-assembly of colloidal magnetic core-
shell nanoparticles into extended 3D crystalline 
superstructures. In this method, submicron (e.g. 
lithographically-patterned) template elements are used to 

achieve nanoscale resolution in particle placement. The 
templates are made from a soft-magnetic material (e.g. 
Permalloy, a nickel-iron alloy) and are embedded in a 
nonmagnetic substrate. A uniform bias field is applied to 
magnetize the template elements. Fig.1 shows a portion of a 
self-assembly system that consists of a nonmagnetic 
substrate with a 
periodic 2D array of 
embedded cylindrical 
template elements. To 
achieve assembly, 
colloidal particles in 
suspension are first 
deposited onto the 
substrate in the 
absence of an external 
magnetic field. A 
uniform external field 
is then applied that 
saturates the soft-
magnetic template 
elements to generate a 
magnetic gradient field that drives the self-assembly process. 
We use a computational model to study the detailed 
dynamics of the assembly process.  

2 COMPUTATIONAL MODEL 
The behaviour of colloidal magnetic particles in an 

applied field depends on a number of factors including 
hydrodynamic and magnetic forces, Brownian motion, Van 
der Walls force and the effects of surfactants. We predict the 
self-assembly of such particles using a computational model 
based on Langevin’s equation that takes these effects into 
account, 
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Where 𝑚𝑚𝑖𝑖  and 𝑥𝑥𝑖𝑖(𝑡𝑡) are the mass and position of the i’th 
particle. The right-hand-side of this equation represents the 
sum of forces on the i’th particle: 𝑭𝑭𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖  due to the applied 
magnetic field, which is a superposition of the bias field and 
induced gradient-fields; 𝑭𝑭𝑣𝑣𝑖𝑖𝑣𝑣,𝑖𝑖 , viscous drag due to relative 
motion between the particles and the surrounding fluid 

 
Fig.1 A template-assisted self-assembly 
system showing colloidal core-shell 
nanoparticles above a nonmagnetic 
substrate that contains an array of 
embedded soft-magnetic cylindrical 
template elements. 
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(Stokes drag); 𝑭𝑭𝐵𝐵,𝑖𝑖(𝑡𝑡)  a stochastic force to account for 
Brownian motion; 𝑭𝑭𝑑𝑑𝑑𝑑,𝑖𝑖𝑖𝑖  the interparticle magnetic dipole-
dipole force due to induced dipole moments; 𝑭𝑭𝑣𝑣𝑑𝑑𝑣𝑣,𝑖𝑖𝑖𝑖 Van der 
Waals force; 𝑭𝑭𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖  a repulsive force due to surfactant 
contact between particles and 𝑭𝑭ℎ𝑦𝑦𝑑𝑑,𝑖𝑖𝑖𝑖  due to interparticle 
hydrodynamic interactions. We predict the particle dynamics 
by numerically integrating Eq.(1) using an adaptive time 
stepping method to accelerate and stabilize the computation. 
The various terms in the model are briefly described in the 
following sections.  

2.1 Magnetic force 
The magnetic force is computed using an “effective” 

dipole moment method in which the particle is modeled as 
an “equivalent” point dipole with an effective moment 𝒎𝒎𝑒𝑒𝑠𝑠𝑠𝑠 . 
The force on the i’th particle is given by [16] 

( ), ,mag i f i eff aµ= ∇⋅F m H ,    (2) 

where 𝜇𝜇𝑠𝑠  is the permeability of the fluid and 𝐻𝐻𝑚𝑚  is the 
applied magnetic field intensity at the center of particlee 
[16,17]. 

2.2 Magnetic dipole-dipole interaction 
The potential energy for magnegic dipoles is given by 
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where 𝒎𝒎𝑖𝑖,𝑒𝑒𝑠𝑠𝑠𝑠  and 𝒎𝒎𝑖𝑖,𝑒𝑒𝑠𝑠𝑠𝑠  are the moments of i’th and j’th 
particle, respectively, and 𝒓𝒓𝑖𝑖𝑖𝑖  is the displacement vector 
between them. The dipole-dipole force in Eq.(1) is obtained 
as the gradient of the potential,   

, ,dd ij dd ijU= −∇F .     (4) 

2.3 Van der Waals interaction 
Van der Waals force is given by [18], 
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  (5) 
where 𝐴𝐴 is the Hamaker constant and  ℎ𝑖𝑖𝑖𝑖 is the surface-to-
surface separation distance between the i’th and j’th particle.  

2.4 Surfactant force  
The repulsive force caused by surfactant-surfactant 

contact is modelled using  
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where 𝑅𝑅𝑝𝑝, δ and 𝑁𝑁𝑣𝑣 are, respectively, the radius of particle, 
the thickness of the surfactant layer and the surface density 
of surfactant molecules [19]. 

2.5 Viscous drag  
The viscous drag on a particle is computed using Stokes’ 

formula 
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where 𝐷𝐷 = 6𝜋𝜋𝜋𝜋𝑅𝑅ℎ𝑦𝑦𝑑𝑑,𝑝𝑝 is the drag coefficient, 𝜋𝜋 is the fluid 
viscosity and 𝑅𝑅ℎ𝑦𝑦𝑑𝑑,𝑝𝑝  is the hydrodynamic radius of the 
particle. 

2.6 Interparticle hydrodynamics interactions 
Interparticle hydrodynamic interactions are taken into 

account using lubrication theory, with a force of the form 
[18], 
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where ℎ𝑖𝑖𝑖𝑖 is the separation bewteen the surfaces and 𝑽𝑽𝑠𝑠,𝑖𝑖,𝑖𝑖 is 
the relative velocity between the particles. 

2.7 Brownian diffusion  
The Brownian force was modeled as a Gaussian white 

noise process. The magnitde of this force in one dimension 
is 

, ( ) 2 B
B i

Dk T
t

t ξ=
∆

F        (9) 

where   is Boltzmann’s constant, D is is the Stokes’ drag 
coefficient as described above and ξ is a random number with 
a Gaussian distribution. 

2.8 Equations of Motion 
Particle motion during assembly is predicted by solving 

Langevin’s equation,  
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Eq. (10) is solved after reduction to coupled first-order 
system of equations,  
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that are integrated using a numerical time-stepping scheme.  

3 RESULTS 
We have used the model to study the system that consists 

of soft-magnetic cylinders that are embedded in a non-
magnetic substrate Fig. 1. A uniform bias field 𝑯𝑯𝑏𝑏𝑖𝑖𝑚𝑚𝑣𝑣  is 
applied perpendicular to the substrate to magnetize the 
elements. We study the self-assembly of Fe3O4-SiO2 core-
shell particles with a core diameter of 17 nm (𝑅𝑅𝑐𝑐𝑐𝑐𝑠𝑠𝑒𝑒 =
8.5 𝑛𝑛𝑚𝑚 ) and a shell thickness of 11.5 nm. The template 
elements are permalloy (78% Ni, 22% Fe), which has a 
saturation magnetization  𝑀𝑀𝑒𝑒,𝑣𝑣 = 8.6 × 105  𝐴𝐴 𝑚𝑚⁄ . The bias 
field is taken to be 𝐻𝐻𝑏𝑏𝑖𝑖𝑚𝑚𝑣𝑣 = 3.9 × 105  𝐴𝐴 𝑚𝑚⁄  (𝐵𝐵𝑏𝑏𝑖𝑖𝑚𝑚𝑣𝑣 =
5000 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺), which is sufficiently strong to saturate both 
the nanoparticles and the template elements. Their 
hydrodynamic radius is assumed to be the same as their 

227Biotech, Biomaterials and Biomedical: TechConnect Briefs 2015



physical radius  𝑅𝑅ℎ𝑦𝑦𝑑𝑑,𝑝𝑝 = 40 𝑛𝑛𝑚𝑚 . The carrier fluid is 
assumed to be nonmagnetic with a viscosity and density 
equal to that of water.  

We use field and force equations from our  previous work 
[20-21]  to compute the radial and axial magnetic field and 
force components as shown in Fig.2. We choose the radius 
and height of soft-magnetic cylindrical temple to be 𝑅𝑅𝑚𝑚 =
200 𝑛𝑛𝑚𝑚  and   ℎ = 300 𝑛𝑛𝑚𝑚 , which has a demagnetization 
factor as 0.46. Thus, a uniform external bias  field (0.5 T) 
will be applied to saturate the soft-magnetic elements, which 
ensures that bias d esN≥H M . The spacing between the 
elements is taken to be 2 µm center-to-center so that there is 
negligible overlap of their fields. The radial and axial force 
components 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠  and 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚,𝑧𝑧  are computed at a distance 
𝑧𝑧 = 100 𝑛𝑛𝑚𝑚 above the template geometry as shown in Fig. 
2c and d. The analysis shows that there is a relatively strong 
attractive axial force over the center of the element, r/Rm < 1, 
which promotes assembly in this region. There is also a 
relatively weak repulsive (upward-directed) axial force 
above near the exterior edge of cylinder (r = Rm) that 
prevents particles from assembling there. Note from Fig. 2c 
that this force component peaks (in a negative sense) above 
the radial edge of the element and therefore acts to move the 
particles inward towards the center of the element.Thus, the 
magnetic force directs particles towards the center of the 
template during assembly, which promotes the formation of 
a tapered 3D pyramid structure. The ability to produce 
regions of attractive and repulsive magnetic force is a key 
feature of the proposed assembly method that enables 
nanoscale precision of particle placement.  

Next, we use the computational model to study the 
dynamics of the assembly process. The bias field and 
template dimensions are as above. We use a computational 
domain centered with respect to a single element. The 

domain spans a unit cell, i.e. 1 µm along both the x and y 
axes and 1 µm in the z-direction as shown in Figs. 3a.  The 
base of the domain is at 𝑧𝑧 = 0, which coincides with the top 
surface of both the substrate and the template element. 
Periodic boundary conditions for particle transport are 
imposed at the lateral sides of the domain to account for a 2D 
array of template elements. We simulate the assembly of 40 
nm Fe3O4-SiO2 particles with a 17 nm Fe3O4 core. Note that 
the assembled structure shown in Fig 3c has a uniform hcp 
crystalline structure that is tapered due to focusing by the 
magnetic force as described above. This structure is very 
similar to those observed by Yellen et al. as shown in Fig. 
3d[22]. The individual colored-coded layers in the 

 
Fig. 3 Initial and final particle distributions for a cylindrical template 
element: (a) initial random particle distribution, (b) perspective of final 
assembled particle structure, (c) lateral view of assembled particle 
structure, (d) field-directed assembly of non-magnetic beads in a 
ferrofluid using cylindrical traps [22].   

 
Fig.2  Axisymmetric magnetic field and force components at z=100 nm 
above the template element: (a) Br, (b) Bz, (c) Fmag,r, and (d) Fmag,z 

 
Fig. 4 Multi-layer hexagonal packed structure. (a), (b), (c) and (d) are 
indicated as 1st, 2nd, 3rd and 4th layer of the particles’ structure after 
assembly. The particle core is shown as a solid sphere and the shell is 
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assembled structure are shown in Fig. 4. Note that there are 
no defects (i.e. interparticle gaps) in these layers. However, 
as the number of partice layers increases, defects in 
crystalline structure can occur, which are due to a decrease 
in effect of the gradient field force that tends to pack the 
particles.  

Next, we study the effcet of a size distribution on the self-
assembly process. We consider a polydisperse system of 
core-shell particles that is based on a Gaussian size 
distribution as shown in Fig.5a and b. The oveall particle 
size varies between 19.7 nm and 20.3 nm, while the core size 
varies between 8.3 nm and 8.7 nm, as shown in Fig.5a and 
b. As shown in Fig 5c the assembled structure has a uniform 
hcp crystalline structure that is similar to the monodisperse 
system. However, our works show that as the size 
distribution increases, defects occur in the crystalline 
structure. 

4 CONCLUSIONS 
We have described a method for directing the assembly 

of colloidal magnetic-dielectric core-shell nanoparticles into 
extended 3D crystalline structures with nanoscale precision. 
In this method, sub-micron soft-magnetic template elements 
are used to guide the assembly in the presence of a uniform 
bias field. The use of a uniform bias field combined with 
localized high gradient fields produced by the template 
elements is a key feature of the method that enables 
nanoscale precision of particle placement, which translates 
to nanoscale feature resolution in the assembled structure. 
We have demonstrated proof-of-concept of the method using 
a computational model that takes into account the dominant 
assembly mechanisms. The method broadly applies to 
arbitrary template geometries and multi-layered particles 
with at least one magnetic component. The ability to produce 
such materials opens up opportunities for the scalable high-
throughput fabrication of multifunctional nanostructured 
materials for a broad range of applications and our    
computational model enables the rational design of such 
media. 
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Fig. 5 Multi-layer hexagonal packed structure for a cylindrical template 
element with particle size distribution: (a) particle size distribution, (b) 
Fe3O4 core size distribution, (c) 4 layers’ hexagonal packed structure 
after assembly. 
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