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ABSTRACT 

Magnetic nanoparticles (MNPs) can organize into novel structures in solutions with excellent 

order and unique geometries. However, studies of the self-assembly of smaller MNPs are 

challenging due to a complicated interplay between external magnetic fields and van der Waals, 

electrostatic, dipolar, steric, and hydrodynamic interactions. Here, we present a novel all-atom 

molecular dynamics (AMD) simulation method to enable detailed studies of the dynamics, self-

assembly, structure and properties of MNPs as a function of core sizes and shapes, ligand 

chemistry, solvent properties and external field. We demonstrate the use and effectiveness of the 

model by simulating the self-assembly of oleic acid ligand-functionalized magnetite (Fe3O4) 

nanoparticles, with spherical and cubic shapes, into rings, lines, chains, and clusters under a 

uniform external magnetic field. We found that the long-range electrostatic interactions can favor 
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the formation of a chain over a ring, the ligands promote MNP cluster growth, and the solvent 

can reduce the rotational diffusion of the MNPs. The algorithm has been parallelized to take 

advantage of multiple processors of a modern computer and can be used as a plugin for the 

popular simulation software LAMMPS to study the behavior of small magnetic nanoparticles 

and gain insights into the physics and chemistry of different magnetic assembly processes with 

atomistic details. 

Keywords: all-atom molecular dynamics, magnetic nanoparticles, ligands, dipolar assembly, 

effects of chemistry 

INTRODUCTION 

Magnetic nanoparticles (MNPs) carry a permanent magnetic dipole moment that dictates the 

magnetic properties of the particles and the responsiveness of the particles to an externally 

applied magnetic field. The origin of the magnetic dipole moment is primarily due to the spin 

imbalance of the 3d orbital electrons of transition metals, such as Fe, Ni, and Co, that are present 

as oxides or alloys in the inorganic core of the MNPs.1,2 Single MNPs can be of different shapes 

and sizes (spheres, cubes, ellipsoids, etc.) and spontaneously self-assemble, due to the 

anisotropic nature of the dipole-dipole (d-d) interactions, into larger novel aggregates in colloidal 

solutions with extraordinary ordering and interesting geometries such as rings, wires, lines and 

chains.3 Since the magnetic properties of the particles depend solely on the strength and 

orientation of the embedded dipole moments, the main advantage of MNPs over non-magnetic 

counterparts is in the control over their dynamics and self-assembly using magnetic fields in 

various in-situ and in-vivo environments. Successful manipulations of MNPs have been 

demonstrated for a wide range of applications in magnetic particle imaging, magnetic 
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hyperthermia, targeted drug delivery, lithography, high-density data storage, actuation, sensing 

and nanorobotics.4–10 

The dynamical and physical properties of MNPs are defined by various thermodynamic 

parameters at the nanoscale, and the presence of magnetic dipole moments adds another level of 

difficulty to the study of the self-assembly of the particles. For example, the strength of the 

magnetic interaction directly depends on the volume of the magnetic core; a larger colloidal 

particle with a size greater than 100 nm contains multiple magnetic domains, while a smaller 

nanoparticle with a size less than 100 nm can be superparamagnetic and a stable single domain, 

carrying only one magnetic dipole moment.11 Another important parameter is the MNP shape 

that impacts the formation of the structure of aggregates. For example, the formation of chain 

and flux closure rings is a well-known, characteristic phenomenon of spherical MNPs.12–17 In a 

recent study, Taheri et al. experimentally investigated the size and shape dependence of the field-

induced assembly of oleic acid-stabilized cubic Fe3O4 MNPs in toluene.18 They found that cubic 

particles must be at least 7.5 nm to generate a large enough dipolar force that can align the 

particles along the magnetic field overcoming thermal and viscous energy barriers, whereas the 

spherical MNPs must be at least 10 nm in diameter to assemble into 1D chains. Additionally, 

modern synthetic technologies have allowed researchers to produce non-spherical MNPs with 

tunable shapes (and anisotropy) such as cubes, rods, peanuts and ellipsoids that can create lines, 

2D lattices, and helical ropes with interesting geometries.19,20 In particular, the cubic MNPs have 

gained much interest due to their high directionality and ability to form virtually defect-free 

superstructures with excellent order and packing fractions.21–23 Moreover, the application of 

external fields can greatly improve the stability of the formed superstructures. For example, 

chains formed by 15-nm spherical Co MNPs were reported to stay stable under the influence of 
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an external magnetic field; however, when the field was removed, the chains became floppy and 

sedimented in solution. Finally, a complete rotation of the chains was observed when the 

direction of the external magnetic field was reversed, underscoring the effect of a strong d-d 

interaction between the Co MNPs.24 In another study, bidirectional chains were formed by 

concurrent applications of electric and magnetic fields due to the presence of both electric and 

magnetic dipole moments in the superparamagnetic 5.7-µm colloidal particles stabilized by 

carboxylate ions; however, the morphology of the equilibrium assembly was found to be 

dynamic and highly sensitive to the concentration and initial configuration of the particles.25 

While the diversity of MNP properties permits flexible ways to yield various interesting 

structures, a deeper understanding of the correlation between structure, dynamical properties, 

environment and phase behavior is needed. 

Other important and correlated parameters that have not been explored in much detail are 

ligands and solvent environment. The stability of MNPs depends on solvent and ligands, while 

the solvent additionally determines the responsiveness of the MNPs to an external magnetic 

field.26 Past studies have shown that the deviation from the Stokes-Einstein theory of diffusion 

applied to MNPs is significant when particle-solvent interactions are high, and changes in size 

and surface energy drastically affect the translational and rotational diffusions of the colloidal 

MNPs.26–28 In these studies, it was found that rough particle surfaces contribute to the significant 

enhancement of local viscosity and packing at the nanoscale, which gets augmented with 

interactions between the ligands and solvent.29 The presence of ions creates additional 

difficulties since the ions can have effects on the interparticle interaction and change the final 

pattern in colloidal structures.22,30 Furthermore, the presence of binary mixtures or interfaces 

poses an additional challenge due to induced solvent interactions.31 On the other hand, to attain 
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colloidal stability, the core of the MNP usually needs to be passivated by ligands such as oleic 

acid, oleylamine, polyethyleneimine, polyethylene glycol, diethylene glycol, thiols, or ions.32–36 

The chemistry and structure of ligands influence the effective size of the particles, the maximum 

magnetic dipolar interaction possible between two particles, and properties of applied MNP-

based materials, such as physicochemical stability and biological fate.37 Surface-bound ligands 

can also alter the magnetic dipole moments of MNPs by introducing spin disorders in the surface 

atoms.38 However, the effects of ligands on the dynamics of MNPs and the assembled structure 

are still not fully understood.17,30,39 For example, the absence of long-range order, investigated 

via scanning electron microscopy and Monte Carlo (MC) simulations, of spherical 𝛾-Fe2O3 

MNPs was attributed to anisotropy of the dipole moments and ligand properties in 2D arrays of 

the particles.40 It has been suggested that tuning the capping ligands could provide MNPs with 

the ability to form structures with enhanced long-range order in solvents, due to a reduction of 

entropy when two particles approach each other.41 Overall, the intricate interplay between 

various MNP system components, such as the magnetic core, the ligands, the local solvent 

environment of the MNPs and external stimuli makes the understanding of how to control MNP 

systems difficult to unravel. 

Analytical and computational methods have been extensively utilized to resolve the 

complexities of MNPs and to predict the equilibrium structures formed by such particles. A 

commonly employed in-silico representation of MNPs is a dipolar hard sphere model, or 

variations thereof, where a point dipole is located at the center of the particles.42 This simple 

model has been particularly successful in the prediction of the aggregated structure and phase 

behaviors of magnetic colloidal systems with different sizes, shapes, and dipolar positions. For 

example, earlier studies using this model with standard MC, Brownian dynamics, and coarse-
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grained (CG) molecular dynamics (MD) simulations have investigated spherical MNPs, where 

ring and chain formations in magnetic fluids were attributed to the strong anisotropy of the 

dipolar force and a preference for the head-to-tail arrangements of the dipole moments of the 

particles.43–45 Later studies focused on more complex systems, such as the assembly of 8,000 

spherical colloidal particles under a dipolar potential using Langevin dynamics46 and the effects 

of solvent evaporation using quasi-2D MC simulations.47 Additionally, CG-MD simulation 

techniques were used to decipher the influence of dipolar interactions on magnetic imaging 

technologies in time-dependent magnetic fields48 and the hydrodynamics of red blood cells under 

an externally rotating magnetic field49. Using coarse-grained cubic and spherical structures and 

magnetic dipolar approximation50,51, Donaldson and Kantorovich showed that magnetic flux 

closure ring formation is favorable only in the case of spherical nanoparticles.52 The effect of 

magnetic anisotropy on superstructure formation by dipolar alignments in the [111] and [100] 

crystallographic directions in cubic MNPs was studied using coarse-grained MC modeling 

techniques, where a [111] direction-oriented superstructure was found to be favored above a 

certain MNP concentration.53 Ion-stabilized magnetic nanocubes were found to assemble on their 

corners using a CG-MD technique that included surface area, surface binding energy, and dipolar 

elements.22 In most computational studies, however, surfactants are largely ignored or 

approximated by mesoscale simulation methods, and the solvent is represented by a 

homogeneous continuous function with no explicit chemistry or long-range hydrodynamic 

interactions.31 However, ligands were shown to be responsible for helical rope formation by 5-

nm cubic MNPs using MC simulations in a drying-mediated self-assembly environment (solvent 

not present).20 Therefore, the complex interplay of explicit chemical interactions between MNP 
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ligands and solvent at the nanoscale may lead to the otherwise unexplained formation of unusual 

geometries. 

Overall, a new computational method is needed for MNP systems for several reasons. First, at 

the nanoscale, the size of the solvent molecules becomes comparable to that of MNPs, and 

continuum approximation of the solvent fails. As a result, the models that are suitable for the 

mesoscale and microscale become inefficient for smaller MNPs, as the separation of length and 

time scale of the particles and the solvent molecules is no longer possible.54 Second, the local 

packing of solvent molecules and ions around an MNP core and ligand layer can change the 

pairwise inter-particle interactions, diffusivity, and effective radius of the particles, which 

drastically affects the morphology and phase behavior of the final structures produced by the 

MNPs.29,44 Hence, for an MNP with a size in the nanometer range, the solvent molecules must be 

simulated explicitly and ligands must be accounted for. Third, magnetic dipolar strength 

becomes significantly weaker for magnetic cores with smaller sizes. At the nanoscale, the 

magnetic interaction energies of the MNPs often become comparable to the short-range van der 

Waals (VDW) and steric forces and thermal energy of the particles due to the presence of an 

internal structure and ligands and vibration of atoms. Similarly, the magnitude of the long-range 

hydrodynamic forces due to solvent, and electrostatic forces, surface energy due to a net charge 

of the MNPs reduce significantly. Coupling of the short-range and long-range forces and the 

interplay of shape anisotropy and the magneto-crystalline anisotropy can create unique structures 

such as the helical ropes and the diagonal assembly of cubic MNPs as noted earlier.20,22 All-atom 

MD can overcome most of the nanoscale-associated challenges by modeling the explicit 

chemistry of the MNP core, ligands, and solvents with atomic-level details, hence eliminating the 

need for many approximations typically adopted in mesoscale models. 
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Here, we describe a novel explicit solvent all-atom MD simulation model to simulate the 

behavior of MNPs due to Zeeman interaction under the influence of an external magnetic field 

and dipolar interaction. In this model, the nanoparticles are assumed to have a magnetically hard, 

rigid core, optionally coated with ligands. The dynamics of the magnetic core are evaluated as a 

rigid body composed of a distribution of atoms, whereas the ligands and surrounding solvent 

interactions are simulated with full atomic-level details. This hybrid approach allows us to 

simulate the dynamics of complex MNPs in any environment while maintaining a high 

resolution and fidelity. We estimate that this atomistic model can be used to simulate magnetic 

interactions of MNP systems with a particle size of up to 30 nm and a hundreds-of-nanoseconds 

timescale using current computational resources. To demonstrate the accuracy and capabilities of 

the proposed model, we chose Fe3O4 MNPs as a model material due to a plethora of available 

experimental studies.55 Specifically, we examined MNP systems with bare and oleic acid ligand-

coated spherical and cubic Fe3O4 MNPs and simulated the formation of dipolar line, ring, cluster, 

chain, and staggered-chain structures (Figure 1 (a, b)). Our findings, the effects of simulation 

parameters, and advantages and limitations of the proposed model are discussed in detail below. 

RESULTS AND DISCUSSION  

Magnetic Nanoparticle Model 

We consider a single-domain, magnetically hard, spherical nanoparticle carrying a net 

magnetic dipole moment 𝑚⃗⃗ .  

To represent the dipole moment 𝑚⃗⃗  inside a spherical nanoparticle core of size 𝑑, we choose 

two existing atoms at positions 𝑋1
⃗⃗⃗⃗  and 𝑋2

⃗⃗⃗⃗  on an arbitrary diameter vector, 𝑑  , across the core 

(Figure 1 (a)). We assign the selected two atoms a new atomtype, "Ms", and a 'magnetic charge' 
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parameter, |𝑞𝑚|, while keeping the rest of their MD force field parameters unchanged. The new 

atomtype allows us to easily keep track of the selected two atoms during the simulation without 

affecting their chemical interactions. Additionally, by setting positive and negative values of 

‘magnetic charge’ 𝑞𝑚, each of the two Ms atoms can be uniquely identified. The 𝑞𝑚 ‘magnetic 

charge’ parameter is independent of the atomic partial charge and does not contribute to any 

interatomic interactions of the Ms atoms and only used to determine the position and direction of 

the dipole moment. The dipole moment vector 𝑚⃗⃗ (𝑡) at time 𝑡 can then be defined as, 

𝑚⃗⃗ (𝑡) = 𝛽 |𝑞𝑚| 𝑑 = 𝛽 |𝑞𝑚|  (𝑋2
⃗⃗⃗⃗ (𝑡) − 𝑋1

⃗⃗⃗⃗ (𝑡))   (1) 

where 𝛽 is a scaling factor to adjust the magnitude of the dipole moment, if necessary. At each 

integration time step, the position and orientation of the dipole moment 𝑚⃗⃗ (𝑡) can be determined 

using Equation (1). 
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Figure 1 (a) shows the side view, top view, and the cross-section of a 3.2-nm bare spherical 

Fe3O4 nanoparticle used in this work. The orientation and position of the dipole moment are 

shown by the transparent arrow, where the green arrowhead shows the direction of the dipole 

 

Figure 1. (a) Models of the magnetic Fe3O4 nanoparticles used in all-atom MD simulations, 

showing the set-up of an embedded magnetic dipole moment in the MNP core. (b) Representative 

snapshots of the self-assembled structures obtained in all-atom MD simulations with dipole 

vectors (transparent arrows), iron atoms (dark blue), oxygen atoms (dark red), and oleic acid 

ligand molecules (cyan). (c) Schematic representations of possible Zeeman and dipolar 

interactions of spherical MNPs. (d) Five characteristic configurations of two self-assembled 

spheres due to the anisotropy of their dipolar interaction. The interaction energy gradually 

increases from the most attractive head-to-tail configuration to the most repulsive head-to-head 

configuration.  
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moment. Oleic acid ligand-coated 7-nm spherical and 8.5-nm cubic MNPs are shown in the 

following row. In this model, the 3-nm spherical and cubic Fe3O4 nanoparticle core contains 

1,622 and 3,580 covalently bonded atoms, respectively. The distance between the core atoms 

always stays constant, while the core translates and rotates as a rigid body. Thus, the magnitude 

of 𝑚⃗⃗ (𝑡) remains the same independent of the core’s orientation. Once the dipole moment is 

defined, the corresponding Zeeman energy of the dipole in an external magnetic field, 𝐵⃗ , is given 

by the Equation, 

𝑈𝑍 = −𝑚⃗⃗ ⋅ 𝐵⃗  (2) 

Then, the d-d interaction energy between two MNPs is defined by, 

𝑈𝑑−𝑑 = −𝛼
𝜇0

4𝜋

3 (𝑚1⃗⃗ ⃗⃗ ⃗⃗  ⋅𝑟 )(𝑚2⃗⃗ ⃗⃗ ⃗⃗  ⋅𝑟 )−𝑚1⃗⃗ ⃗⃗ ⃗⃗  ⋅𝑚2⃗⃗ ⃗⃗ ⃗⃗  

𝑟3  (3) 

where 𝑚1⃗⃗ ⃗⃗  ⃗ is the dipole moment of particle 1, 𝑚2⃗⃗ ⃗⃗  ⃗ is the dipole moment of particle 2,  𝑟  is the 

center-of-mass to center-of-mass distance vector from particle 1 to particle 2, 𝜇0 is the vacuum 

permeability, and 𝛼 is a dipolar energy scaling factor that may arise due to the short distance 

correlation between the dipole moments56, the geometry of the particles57 and the relative 

permeability of the surrounding medium. The range of dipole-dipole interaction dies off quickly 

as a function of distance by 𝑟−3 where the long-range Coulombic interaction decays by 𝑟−1. It 

has been shown previously that the higher-order terms due to the finite-size effects of the particle 

decay by 𝑟−5.58 Hence, we can ignore the finite-size effects of the particles.  

Figure 1 (c) shows the schematic representations of magnetic Zeeman and dipolar interactions. 

𝑈𝑍 depends on the orientation of the embedded dipole moment relative to the direction of the 

applied magnetic field. The torque exerted on the dipole due to Zeeman interaction is 𝜏𝑍⃗⃗  ⃗ =

𝑚⃗⃗ × 𝐵⃗ , and the exerted force is 𝐹𝑍
⃗⃗⃗⃗ = 𝑚⃗⃗ ⋅ ∇⃗⃗  𝐵⃗ . In a homogenous uniform magnetic field, 

however, the force term vanishes. In contrast, the torque term is non-zero, and the core of the 
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nanoparticle rotates itself towards the direction of the applied field to minimize the magnetic 

Zeeman interaction energy defined by Equation (2). Additionally, the dipolar interaction torques 

and forces are given by, 59 

𝜏12⃗⃗ ⃗⃗  ⃗ =  𝛼
𝜇0

4𝜋
[
3

𝑟5
(𝑚2⃗⃗ ⃗⃗  ⃗ ⋅ 𝑟 )(𝑚1⃗⃗ ⃗⃗  ⃗ × 𝑟 ) − 

1

𝑟3
(𝑚1⃗⃗ ⃗⃗  ⃗ × 𝑚2⃗⃗ ⃗⃗  ⃗)] 

𝜏21⃗⃗ ⃗⃗  ⃗ =  𝛼
𝜇0

4𝜋
[

3

𝑟5
(𝑚1⃗⃗ ⃗⃗  ⃗ ⋅ 𝑟 )(𝑚2⃗⃗ ⃗⃗  ⃗ × 𝑟 ) − 

1

𝑟3
(𝑚2⃗⃗ ⃗⃗  ⃗ × 𝑚1⃗⃗ ⃗⃗  ⃗)] (4) 

𝐹 𝑑−𝑑 =  𝛼
𝜇0

4𝜋
[
3

𝑟5
(𝑚1⃗⃗ ⃗⃗  ⃗ ⋅ 𝑚2⃗⃗ ⃗⃗  ⃗)𝑟 −

15

𝑟7
(𝑚1⃗⃗ ⃗⃗  ⃗ ⋅ 𝑟 )(𝑚2⃗⃗ ⃗⃗  ⃗ ⋅ 𝑟 )𝑟 +

3

𝑟5
{(𝑚2⃗⃗ ⃗⃗  ⃗ ⋅ 𝑟 )𝑚1⃗⃗ ⃗⃗  ⃗ + (𝑚2⃗⃗ ⃗⃗  ⃗ ⋅ 𝑟 )𝑚1⃗⃗ ⃗⃗  ⃗}] 

where 𝜏12⃗⃗ ⃗⃗  ⃗ is the torque exerted on particle 1 by the dipole moment of particle 2, and 𝜏21⃗⃗ ⃗⃗  ⃗ is the 

torque exerted on particle 2 by the dipole moment of particle 1. Due to the inherent anisotropy of 

the dipolar interactions, five typical configurations of two self-assembled spherical MNPs can be 

identified, as shown in Figure 1 (d). The most favorable configuration is the head-to-tail 

configuration of the two dipole moments corresponding to the lowest dipolar energy value. The 

next favorable configuration is the anti-parallel configuration, where the dipole moments of the 

particles face opposite directions. The perpendicular configuration of the dipole moments is 

neither favorable nor unfavorable due to a vanishing dipolar energy. The parallel dipolar 

configuration is generally unfavorable. Lastly, the head-to-head configuration is the most 

repulsive dipolar configuration and usually not observed in experimental MNP systems. 

All-atom MD Simulation Method 

The magnetic core of the colloidal MNPs contains a large number of harmonically bonded 

atoms that move together as a rigid body in solution, an approach that we successfully used for 

all-atom simulations of gold NPs.60–62 If the particle is magnetically hard, magnetic dipolar 

interactions and an external magnetic field exert additional forces to drive the movement of the 

rigid core such that the relative positions of the core atoms remain constant, and the atoms move 

together as a single entity. Therefore, a simple and direct approach to attain atomistic details of 
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the MNP magnetic core in an all-atom MD simulation is to treat the core as a rigid body. In the 

case of atomistic simulations, such methods have been used to constrain the high frequency 

motions of atoms in small molecules using algorithms such as SHAKE63 and RATTLE64 that 

allow longer time steps and an increased speed of the simulations. For larger rigid particles, 

many time-reversible and symplectic algorithms for rigid-body dynamics have been 

developed.54,65,66 67 In our model, the forces and torques exerted on the magnetic core of the 

MNP are calculated as the sum of the respective terms experienced by the magnetic dipole 

moments of the core, an approach similar to one described in Ref. 67. Given the presence of a 

dipole moment defined by Equation (Error! Reference source not found.) embedded in the 

MNP core, the magnetic dipolar force and torques can be calculated for the rigid core by 

Equation (4), and in an external magnetic field, the forces due to Zeeman interactions can be 

similarly computed. Moreover, the surface of such a particle is still represented by an all-atom 

representation, and ligand molecules with all-atom details can be covalently attached to the 

atoms on the surface of the core. In addition, ligands can independently move and exert 

additional forces on the core. The ligand functionalized MNP then consequently experiences a 

net force that is the sum of all magnetic interactions due to the magnetic dipole moments, 

chemical interactions with solvents, and other thermodynamic interactions on the core. In that 

way, the dynamics of the MNP are captured without any further approximations. 

Therefore, using Equations (2) and (3) we get the following modified Hamiltonian of an MNP 

system implemented in the model. 
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𝑈𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑘𝑏(𝑟 − 𝑟0)
2

𝑏𝑜𝑛𝑑𝑠

+ ∑ 𝑘𝜃(𝜃 − 𝜃0)
2 +

𝑎𝑛𝑔𝑙𝑒𝑠

∑ 𝑉𝑛[1 + 𝑐𝑜𝑠(𝑛𝜙 − 𝛾)]

𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

+ ∑ ∑ [
𝐴𝑖𝑗

𝑅𝑖𝑗
12 −

𝐵𝑖𝑗

𝑅𝑖𝑗
6 +

𝑞𝑖𝑞𝑗

𝜖𝑅𝑖𝑗
]

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

− ∑𝑚⃗⃗ 𝑖 ⋅ 𝐵⃗ 

𝑀

𝑖=1

− ∑ ∑ 𝛼
𝜇0

4𝜋

3(𝑚⃗⃗ 𝑖 ⋅ 𝑟 𝑖𝑗)(𝑚⃗⃗ 𝑗 ⋅ 𝑟 𝑖𝑗) − 𝑚⃗⃗ 𝑖 ⋅ 𝑚⃗⃗ 𝑗

𝑟𝑖𝑗
3

𝑀

𝑗=𝑖+1

𝑀−1

𝑖=1

 

 

where, 𝑁 is the number of atoms, 𝑀 is the number of magnetic dipole moments, 

𝑘𝑏 , 𝑟0, 𝑘𝜃, 𝜃0, 𝑉𝑛, 𝛾, 𝐴𝑖𝑗 , 𝐵𝑖𝑗 are all-atom force field parameters,68 𝑞𝑖 , 𝑞𝑗 are atomic partial charges, 

 𝑚⃗⃗ 𝑖, 𝑚⃗⃗ 𝑗 are the magnetic dipole moments calculated using Equation (1), and 𝐵⃗  is the external 

time-invariant magnetic field applied to the system. The magnetic terms are calculated and 

applied only to the rigid magnetic cores of the MNPs that follow the rigid body dynamics 

discussed before. Additionally, the dipolar and the external magnetic field interactions are 

simulated by modifying the total energy of the cores. However, it is important to note that, in our 

model, the externally applied magnetic field needs to be time-invariant, so that in the absence of 

any free currents and any time-varying electric fields, the curl of the magnetic field vanishes, 

(i.e., ∇⃗⃗ × 𝐵⃗ = 0), and the force produced by the applied magnetic field is conservative. In such a 

system, the Hamiltonian also remains conservative,69 and the long-term dynamical evolution of 

the system can be calculated using a time-reversible symplectic integrator.70 In addition, in an 

external magnetic field, a charged particle moving with velocity  𝑣 , experiences a Lorentz force 

given by 𝐹 𝐿 = 𝑞 ⋅ (𝑣 × 𝐵⃗ ), where 𝑞 is the charge of the particle. However, velocity-dependent 

forces are non-conservative and to simulate the resulting dynamics, a modification of the force 

during the half-timestep of the integration algorithm is required, which is not supported by the 
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Velocity-Verlet algorithm.71 We, therefore, ignore the effects of the Lorentz force in the present 

model for the sake of simplicity. 

Choice of Simulation Systems 

In this work, four characteristic MNP systems were simulated to demonstrate the applicability 

and performance of the proposed model (Table S1):  

(1) To begin with the simplest system possible, we studied the effects of an external magnetic 

field on the Zeeman rotation and alignment of a single bare MNP in hexane and ethanol solvents 

while keeping the dipolar interactions turned off. Numerous past studies using mesoscale 

simulation methods have systematically investigated the rotational diffusion of MNP systems to 

investigate critical size, ligands, surface energy and roughness, and viscosity of the 

solvents.26,27,29,72 We qualitatively reproduced such dynamics and additionally report the 

importance of the surface charge density of the bare MNP and solvent polarity on the Zeeman 

rotation of the particle.  

(2) We then focus on the dipolar interaction only and simulate the assembly of eight spherical 

MNPs in vacuum without the presence of any external magnetic field. The particular choice of 

this system was inspired by multiple recent studies on the dipole-induced cluster formation by 

eight nanoparticles where an infinite number of possible ground state configurations was 

predicted using analytical methods.73,74  

(3) In the case of multiple cubic nanoparticles, perfectly linear straight lines of MNPs can form 

due to shape anisotropy. This system is especially complex since both dipolar and external field 

interactions are present in the system. To demonstrate such shape anisotropy effects, the ability 

to easily build particles with different geometries, and inspired by experimental works on cubic 

MNPs by Taheri et al.,18 we simulated line formation by cubic MNPs in hexane in the presence 
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of a uniform external field. The interplay of surfactants and external field interactions and the 

mechanism of assembly of the particles are obtainable.  

(4) Finally, ring formation due to strong dipolar interactions by four or more spherical MNPs 

is a characteristic phenomenon. Moreover, for a finite number of particles, ring formation is 

more favorable than line formation by the MNPs.75 We therefore simulated chain and ring 

formation by eight spherical MNPs to validate the model. The details of the thermodynamic 

conditions, initial setup of the particles, model parameters and results for the MNP systems are 

discussed in the following individual sections. 

Zeeman Rotation of Bare MNPs in an External Uniform Magnetic Field 

To test the importance of surface charge density on particle dynamics under an external 

magnetic field, four independent simulation systems with a single solvated bare-MNP were 

employed. In two of the systems, a charge-neutral bare magnetic particle model was solvated in 

either ethanol or hexane. In the other two systems, the MNP with a net surface charge density of 

+0.05 C/m2 was solvated in either ethanol or hexane. In all simulations, a single MNP was 

placed in the center of a simulation box, and its dynamics under the influence of a uniform 1 T 

magnetic field were examined within 5 ns of simulated time. We observed that the dipole 

moment of a 3.2-nm Fe3O4 nanoparticle was not strong enough to overcome the thermal energy 

barrier under the influence of a 1 T magnetic field. Thus, a value of the dipole moment scaling 

factor of 𝛽 = 5.0 was set to induce Zeeman rotation. Additionally, dipole-dipole interaction was 

absent in the systems; therefore, any d-d effects across the periodic boundaries can be ignored in 

the simulations. Representative snapshots of the simulated system of the charged-neutral MNP 

solvated in hexane are shown in Figure 2 (b). The initial angle between the dipole moment 

embedded inside the MNP and the direction of the applied magnetic field was approximately 160 
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degrees. The magnetic field introduced a torque on the particle due to magnetic Zeeman 

interactions as described by Equation (2), while no Zeeman force was experienced by the particle 
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Figure 2. (a) Snapshots of the rotation of a bare charge-neutral Fe3O4 nanoparticle under the influence of 

an external uniform magnetic field. Hexane molecules are shown as the transparent surface; the direction 

of the dipole moment of the MNP is shown by the transparent arrow, and the uniform magnetic field 

direction is denoted by the blue arrow (+y direction). Here, the scaling factors were set as 𝛼 = 1.0, 𝛽 =
5.0. (b) Temporal evolution of the Zeeman interaction energy of a charged magnetic nanoparticle (surface 

charge density +0.05 C/m2). (c) Temporal evolution of the Zeeman interaction energy for the charge-

neutral magnetic particle shown in (a). 
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due to the absence of a field gradient. As can be seen in the snapshots, the particle rotated 

towards the direction of the applied field to minimize the magnetic Zeeman energy, 𝑈𝑧. Slight 

translation of the particle can also be seen in the snapshots due to thermal and Brownian effects. 

An equilibrium condition was reached when the angle between the direction of the applied field 

and the dipole moment of the particle reached approximately zero. During the magnetic 

alignment process, the MNP rotated as a rigid body, while the surface atoms of the bare particle 

retained their atomistic details and interacted with the surrounding solvent molecules.  

A detailed comparison between the four simulated systems can be made by observing the 

evolution of the interaction energy of the dipole moment with the applied magnetic field. The 

time evolution of the magnetic Zeeman interaction energies is plotted in Figure 2 (b, c). We 

notice that the Zeeman energy values decrease rapidly in the case when the particle had a zero 

net surface charge. Moreover, this trend was independent of the solvent. The energy loss due to 

the decrease in Zeeman energy is gained by the rotational kinetic energy of the MNP. This 

increased kinetic energy overcomes the thermal and viscous energy barrier to facilitate the 

rotation. No distinguishing effect of ethanol or hexane can be seen from the curves. However, the 

addition of the surface charge to MNPs allows one to account for solvent properties, as can be 

seen in the energy plots in the case of charged MNPs in Figure 2 (b). A decay of the Zeeman 

energy can be observed in hexane contrary to that of ethanol. In ethanol, only a slight decrease of 

the Zeeman energy can be observed during the simulations. Thus, we conclude that if the 

solvent-particle interaction energy is higher than the energy gained by the Zeeman rotation, the 

alignment of the particle is no longer favorable. Two important parameters should be considered 

in the case of the MNP in ethanol: solvent-MNP interaction energy and solvent viscosity. A net 

surface charge density on the surface of the bare MNP causes the particle to favorably interact 
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with ethanol. Furthermore, for the MNP rotation to occur, the surrounding solvent molecules 

must be displaced. Ethanol has a higher viscosity than hexane due to the formation of hydrogen 

bond networks.76 Thus, the MNP experiences a higher energy barrier during the rotation process 

in ethanol. Moreover, the effects of the solvents can be quantified by calculating the rotational 

diffusion constants of the MNP for the four systems. The diffusion constants and the radial 

distribution functions of the solvent molecules around the MNP are plotted in Figure S1 and 

Figure S2. It is important to note that long-range electrostatic interaction can also affect the 

particle rotation.29 While for the charge-neutral systems, such an effect is non-existent, for the 

charged MNP systems, we used a large solvent buffer of 50 Å to minimize such long-range 

effects. Indeed, we observed that, the charged MNP experienced slow rotation when the 

simulation was conducted with smaller than 15 Å solvent buffer. 

Dipolar Assembly of Eight MNPs in Vacuum 

To demonstrate the usability of our method for simulations of MNP self-assembly, a 

simulation with eight oleic acid ligand-coated, charge-neutral, spherical MNPs was used (Figure 

3 (a)). This system is of particular interest because it has been shown that the smallest stable 

cluster of magnetic spheres generally contains eight particles that form two closed loops (or 

rings) of the dipoles and creates a perfect symmetrical structure.73 In our system, initially each 

MNP was within at least 90 Å apart from their nearest neighbors. The system was then simulated 

in vacuum in the absence of any external magnetic fields. The MNPs initially started to 

aggregate with their closest neighbors. At 1.0 ns, a cluster-like structure began to form. By 4.0 

ns, a stable cluster of the eight MNPs is obtained. A closer look at the cluster revealed two 

distinct dipolar rings — one within the four MNPs at the front side in the snapshot, and another 

dipolar ring within the other four MNPs at the back (Figure 3 (a), snapshot at 4.0 ns). 
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By comparing the VDW and dipolar interaction energies (Figure 3 (b)), we note that the VDW 

energy is at least an order of magnitude stronger than the dipolar interaction energy. When the 

nucleation of the cluster begins, the dipole-dipole interaction of the MNPs competes with the 

interaction between the oleic acid ligands. Finally, a cluster with a dipolar double-ring 

configuration is obtained. As can be observed from the convergence of the energy graphs, the 

final cluster configuration is stable. 

Figure 3. (a) In-vacuo simulation snapshots of eight oleic acid-coated spherical Fe3O4 MNPs forming a 

cluster due to dipolar interactions. A stable double-ring dipolar configuration is obtained after 4 ns. The 

orientations of both rings are in the clockwise direction indicating failure to reach the ground state 

configuration. The initial nearest-neighbor separation between the MNPs is 90 Å (𝛼 = 10, 𝛽 = 16.83). 

No external magnetic field was applied. (b) Corresponding temporal evolution of the total VDW 

interaction energy between the interacting ligands and (inset) the dipolar interaction energy of the eight 

MNPs. 
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Double-ring formation within clusters formed by 14 or more magnetic spheres has been 

previously predicted using numerical methods.75 Recently, Hartung et al. investigated the ground 

state configuration of eight magnetic spheres using analytical and numerical techniques.74 They 

reported a stable double ring-like configuration of the magnetic dipoles, where an infinite 

number of orientations of the dipoles is possible in the ground state, provided that the dipoles are 

free to rotate. A simple way to identify such a stable configuration is that the ring on one side of 

the cluster faces in the opposite rotational direction of the opposite side of the cluster, for 

example, one ring on the front side of the cluster rotates in the clockwise direction and another in 

the back rotates in the anticlockwise direction. This is a consequence of the combination of both 

favorable head-to-tail and anti-parallel configurations of the dipoles shown in Figure 1 (d). In 

contrast, two rings orienting in the same rotational direction would be the result of the head-to-

tail and parallel configurations and not favorable. A schematic representation of the ground state 

configuration and top and side views of the dipolar rings obtained in the simulation are shown in 

Figure S3. Hartung et al. further showed that, in the favorable ground state, the magnetic flux 

density outside the cluster drastically decreases by 𝑟−7 creating a stable assembly of the spheres 

and preventing further growth of the cluster solely due to magnetic interaction. In our simulated 

system, however, all-atom MD did not obtain the ground state configuration of the dipoles due to 

significant interactions between the ligands. In the simulations, both of the MNP rings, formed 

due to the dipole moments, are oriented as clockwise rotations (Figure 3 (a), snapshot at 4.0 ns) 

suggesting that a stable dipolar configuration was not reached even when the total cluster is 

stable. Hence, this configuration does not attain a complete flux closure, enabling further growth 

of the cluster due to dipolar interaction alone. Moreover, this final dipolar configuration is 

sensitive to the initial distance between the dipole moments and their relative orientations. 
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Dipolar Assembly of Cubic Nanoparticles in an External Field 

Externally applied magnetic fields can drastically change the morphology and phase behavior 

of MNP structures by forming linear chains or columns of spherical MNPs parallel to the 

magnetic field.77 The assembly of oleic acid-coated cubic Fe3O4 MNPs in toluene was previously 

Figure 4. Self-assembly of two cubic Fe3O4 nanoparticles in hexane. (a) Top snapshot is the initial 

simulation set-up at t = 0 (after energy minimization and equilibration), while the bottom snapshots are 

systems at t = 3 ns without (B = 0) and with (B = 0.5 T) the presence of an external magnetic field. The 

blue arrow denotes the direction of the applied field. Solvent molecules are hidden for clarity. The scaling 

factors are 𝛼 = 10 𝑎𝑛𝑑  𝛽 = 16.83. (b) Dipolar and Zeeman energy (inset) evolution of the two 

nanocubes without and with the presence of an external magnetic field. 
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investigated by Taheri et al., where the presence of a magnetic field and the existence of a size 

limit were highlighted.18 For example, in the presence of an external magnetic field, only 

nanocubes of size larger than 7.5 nm assembled into structures, which indicates that below this 

size limit, the dipole moments in the cubes are not strong enough to induce a Brownian rotation 

of the particles. With the application of the magnetic field, the 1D assembly of the cubic particles 

was observed in solution. To examine the dynamics of multiple MNPs under the influence of an 

external field, we similarly employed a simulation system containing two 3.2-nm cubic oleic 

acid-coated Fe3O4 nanoparticles solvated in hexane (Figure 4 (a)). Here, we initially set up the 

nanoparticles 75 Å away from each other in the perpendicular configuration (Figure 1 (d)) to 

avoid any initial preferred interaction. In the absence of an external magnetic field (B = 0), the 

particles quickly assemble into the favorable anti-parallel dipolar configuration. We observed 

that the assembly remained stable in this configuration due to the strong interaction between the 

oleic acid ligands, while the dipolar interaction energy decays by 𝑟−3. On the other hand, when 

an external uniform magnetic field is applied (B = 0.5 T), the particles initially undertook a 

Zeeman rotation similar to the bare MNPs in hexane discussed before, followed by the formation 

of a stable and aligned 1D assembly in the most favorable head-to-tail configuration. 

Figure 4 (b) shows the dipole-dipole interaction energy evolution between the two cubic 

nanoparticles. In the absence of the external magnetic field (B = 0), the self-assembly between 

the particles is promoted by the ligand-ligand interactions. During the assembly process, the 

dipole-dipole energy increases by about 50 kcal/mol. Once the self-assembly takes place, the 

𝑈𝑑−𝑑 value starts to decrease as the dipole moments preferentially orient themselves in the anti-

parallel dipolar configuration. We notice that because of the high values of the scaling factors 

𝛼 = 10 and 𝛽 = 16.83 used in this simulation, the interaction energy value of -150 kcal/mol is 
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already strong enough to prevent further rotation of the particles due to thermal fluctuation. As a 

result, the energy landscape of the assembled structure acts as a local minimum, and the head-to-

tail configuration, which requires further rotation of the cubes, is never reached. The inset graph 

shows zero Zeeman energy values due to the absence of the magnetic field. However, when the 

external magnetic field is applied (B = 0.5 T), the Zeeman energy decreases by 7 kcal/mol as the 

nanoparticles align themselves with the field. They then self-assemble in the head-to-tail 

configuration. The corresponding global minimum of the dipolar energy landscape of the two-

NP system can be assigned as 𝑈𝑑−𝑑 = -300 kcal/mol. Figure S6 shows the mass density and the 

radial distribution function of the hexane molecules around the self-assembled MNPs. The ligand 

molecules favorably interact with the hexane molecules and the configuration remains stable. 

Overall, the interplay of Zeeman interaction due to an external field and the favorable interaction 

between the surfactants of the MNPs will determine the outcome of the assembly. 

Formation of Dipolar Ring and Dipolar Chain 

Previous theoretical studies on nanoparticle dipole-dipole interactions suggest that the 

magnetic nanoparticles can form a ring-like structure in the absence of an external field.43,78 

Experimentally, dipole-dipole interaction-mediated nanorings have also been observed for 10-nm 

to 50-nm Fe3O4 MNPs with the size of the formed ring ranging from 100 nm to 1 µm in diameter 

and in 10-nm Ni-coated Au nanorods with a ring diameter of 250 nm.79–81 To simulate the ring 

formation as a means of validation of our method, we placed eight bare MNPs inside the 

simulation box in vacuum. The initial configuration of this system at 0 ns can be seen in Figure 

5 (a). 

The formation of a dipolar ring is dependent on strong dipole-dipole interactions. For example, 

in the case of rings formed by 47.1-nm Fe3O4 MNPs cultured from magnetotactic bacteria, the 
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maximum dipolar interaction energy corresponding to the head-to-tail configuration has been 

reported to be around 70 times stronger than thermal energy.79 We found that the favorable ring 

formation happens not only in the case of strong dipole-dipole interaction (𝛼 = 80) but also in 

the absence of any long-range electrostatic interactions. In our model, the long-range 

electrostatic interaction is calculated in K-space in LAMMPS. Two cases of simulations, with 

and without the K-space calculation (i.e., long-range electrostatics), are shown in the snapshots 

Figure 5. (a) Snapshots of eight bare MNPs simulated in vacuum with and without the long-range 

electrostatic interaction calculation (implemented as K-space solver in LAMMPS) producing ring and 

chain-like equilibrium structures (𝛼 = 80, 𝛽 = 4). No external magnetic field was applied. (b) Dipolar 

energy evolution within the particles. (c) Difference between the system electrostatic energy when the 

long-range calculation is on and off. 
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in Figure 5 (a). In both cases, the bare MNPs got closer to each other until 0.5 ns. By 1.0 ns, the 

K-space interaction caused the particles to spread out towards the side of the simulation box to 

interact with the neighboring periodic boundary condition (PBC) images. On the other hand, 

when the long-range electrostatic interaction was turned off, the particles continued to form a 

symmetric ring-like structure. At 2.0 ns, six out of eight MNPs created a circular ring, while the 

other two MNPs stayed attached to the ring on the side. The long-range electrostatic interaction 

calculated in K-space, however, caused the MNPs to form a long chain-like structure spread 

throughout the length of the PBC box.  

To understand the ring and chain formation energetics, we plotted the dipolar interaction 

energy values of the eight MNPs in Figure 5 (b). In both cases, in the absence of any solvent, the 

MNPs quickly assemble around 0.5 ns. The electrostatic energy values of the two systems differ 

depending on the method of calculation, for example, when the K-space calculation is used, the 

total electrostatic energy of the system is lower due to long-range contributions. The difference 

between the total electrostatic energies of the two systems, therefore, defines the contribution 

due to the long-range electrostatics alone (Figure 5 (c)). The plot quantifies the energy lost by 

the system due to long-range electrostatic interaction, which is gained by the dipolar interaction 

(Figure 5 (b)), that ultimately promotes the formation of the line across the periodic box. 

Theoretical calculations suggest that a ring of eight magnetic spheres is more energetically 

favorable than a line.39 The energy, 𝑈𝑑−𝑑, graphs also agree with such a prediction. However, 

our results indicate that, at the nanoscale, long-range electrostatic interaction may promote line 

formation instead of ring formation. 
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Advantages and Limitations of the Modeling Method 

The primary advantage of our model is the atomistic resolution of the MNP core, surfactants, 

and the solvents. Various surface energies of the core, for example, MNPs carrying a net surface 

charge, having a specific functionalization, can be simulated without assuming any approximate 

treatment of the material. MNPs with ligands of any size, chemistry, branching, 

functionalization, etc. can be modeled along with the MNP core, and the corresponding 

dynamics, packing, and interaction with solvent molecules can be captured with the model. 

While the long-range hydrodynamic effects are automatically captured by the simulated all-atom 

solvent molecules, other effects of viscosity, the presence of interfaces and ions, and various pH 

conditions can also be studied to better represent MNPs in various in-situ and in-vivo conditions. 

In addition, since the rigid-body model of the core works by summing up the individual atomic 

interactions, no additional force field parameterization is required, and existing atomistic force 

fields can be used in the model. The rigid-body model has an even more significant advantage 

that MNP cores with any arbitrary shapes and sizes can be easily constructed without sacrificing 

the atomistic details. While we have shown here the use of spherical and cubic MNPs, additional 

shapes such as an ellipsoid, rod, lobe, etc. with different sizes can be used in the model. 

Furthermore, the relative distance between the atoms of the rigid core is kept fixed, which 

provides added benefits such as the ability to turn off intra-body interactions to save time in 

computations.67 Another major advantage of the model is the ability to define and tune the 

strength and orientation of the magnetic dipole moments of the modeled MNP(s) using Equation 

(1) and the scaling factor, 𝛽. For example, anisotropic MNPs, such as cubes, have inherent 

magnetic anisotropy where the easy axis of the dipole moment can orient towards the [111] or 

[001] direction depending on the material. An example of a [001] axis-oriented cubic MNP has 
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been presented in our work; however, any other directions can be specified for the dipole by 

choosing an appropriate pair of head and tail Ms atoms inside the MNP core. Moreover, by 

selecting multiple pairs of atoms in the LAMMPS input file, more than one dipole moment can 

be readily defined in the MNP core to capture the dynamics of a multidomain MNP. Likewise, 

the ability to simulate the influences of an external magnetic field is necessary to study a wide 

range of applications of MNPs in targeted drug delivery, hyperthermia, sensing and magnetic 

imaging. Atomic and molecular-level phenomena, such as the interplay of the solvent and 

ligands with the Zeeman force applied by the external field can be examined using the proposed 

model as long as the applied magnetic field remains time-invariant. Lastly, we have developed 

the plugin to make use of multiple CPU cores using MPI parallelization typically available in a 

modern computer. Therefore, for large MNP systems, the simulation model can be efficiently 

used in a high-performance computing facility. For example, in the system of two nanocubes 

solvated in explicit hexane solvent with a total number of 203,436 atoms, where both dipolar 

interactions and external field interactions were calculated, a speed of 1.14 ns/day was obtained 

using 6 Intel Xeon E5-2630 v3 (2.40 GHz) MPI cores and 2 NVIDIA GeForce GTX Titan X (12 

GB, 250 W) GPU cards. However, it is worth noting that, 18.15% and 56.68% CPU computation 

time were spent on long range electrostatic calculations and bond energy calculations 

respectively, while only 7.78% of the CPU computation time was spent on the magnetic 

interaction calculation algorithm. Thus, the model proposed here does not significantly affect the 

simulation speed. 

While the proposed model allows us to study the magnetically induced nanoscale phenomena 

with full atomic-level resolution, owing to computational limitations and to keep the method 

simple, some restrictions were assumed. First, a typical 3.2-nm Fe3O4 MNP does not have a 
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strong magnetic dipole moment to generate Brownian rotation induced by the magnetic field.18 

To overcome this challenge, we scaled up the dipole moments by the scaling factor 𝛽. With more 

computational resources available and for simulations of a large MNP with size above 7 nm, this 

scaling factor can be set to unity thereby eliminating the need for this approximation. Also, the 

dipole-dipole scaling factor, 𝛼 was set according to the suggestions provided by the previous 

studies.56,57,79,82 Additionally, an MNP with a size below 12 nm may experience Neel rotation in 

an external field17 which was ignored in the simulation by assuming a magnetically hard MNP. 

Second, to maintain a conservative simulation system, the externally applied magnetic field was 

assumed to be time-independent. Though our current work focuses on a uniform magnetic field, 

the model can still be used to simulate the nanoparticle dynamics in a static non-uniform 

magnetic field. The Lorentz force effects were ignored for the same reason, which would require 

the introduction of a new integration algorithm that can maintain system ergodicity. Plasmonic 

80-nm gold nanoparticles illuminated by a strong laser beam have been reported to form long 

chains due to mutual Lorentz forces experienced by the electric dipole moments of the 

particles.83 However, for the magnetic NPs the Lorentz force effect leads to an increased 

diffusion of the particles in a direction orthogonal to the applied magnetic field.84 Since the 

direction of a magnetic dipole moment does not affect the Lorentz force direction, we can 

similarly expect an accelerated diffusion of the MNPs in a direction perpendicular to the velocity 

of the MNPs and the direction of the applied magnetic field. Moreover, depending on the 

direction of the motion of individual particles, Lorentz force may accelerate or retard assembly 

formation between the MNPs. Finally, unlike the long-range hydrodynamic or electrostatic 

interactions, the dipolar interactions produced by the weak dipole moments of a typical 

nanoparticle with a size below 30 nm becomes negligible. Hence, in our current implementation, 
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the d-d interaction between multiple MNPs is calculated by a simple pair-wise summation with a 

cutoff of 10 times the diameter of the particles. Owing to the rapid decay of the dipolar 

interactions, such a cutoff has been reported to create a negligible but non-zero error of 

0.05 𝐾𝐵𝑇.46 In a system where a large number of MNPs are present, a better implementation of 

the dipolar interactions would require a many-body interactions calculation method, such as the 

Ewald summation method.85 Moreover, a shifted dipole-dipole interaction potential would make 

the calculation more exact. We acknowledge these limitations of the current work and leave the 

needed improvements for future studies. We note that the described limitations do not affect the 

results reported in the preceding sections about the solvent and ligand interactions, long-range 

electrostatic interactions, shape effects and short-range effects of the dipolar interactions. 

CONCLUSIONS 

In summary, we presented a novel all-atom MD simulation method to model the dipolar 

interactions and external magnetic field-induced Zeeman interactions of single-domain, 

magnetically hard nanoparticles. Our study revealed novel phenomena related to the effects of 

oleic acid ligands, polar solvents, and long-range electrostatic interactions on the magnetic 

particles.  The results indicate that for smaller nanoparticles, solvent polarity and the long-range 

Coulombic interactions influence MNP diffusion. Dipole-mediated self-assembly simulations 

indicated that the dipolar interaction creates clusters with high order and symmetry, while the 

interplay between ligands due to VDW interactions enable the cluster to grow in size. The 

mechanism of line formation by cubic nanoparticles reported in the past experimental studies is 

elucidated, demonstrating the role of the external magnetic field on the formation of ordered 1D 

lines in a solvent environment. Finally, dipolar-ring and line formations are found to be highly 

sensitive to the strength of the dipole moment. While the ring formation is theoretically 
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favorable, a 1D line can form due to long-range electrostatic interactions; this effect may depend 

on MNP concentrations, solvent and the initial configuration. Therefore, undesired artifacts may 

arise if the long-range electrostatic interactions are ignored in the study of MNP systems, 

particularly for those where the MNPs carry a net surface charge. We anticipate that our method 

can be used to study the interactions between magnetic nanoparticles with a high resolution, 

which can further be used to determine the interaction potentials used in coarse-grained 

simulation techniques. The source code of the model is published in a publicly available GitHub 

repository as a LAMMPS software plugin for reusability.86 

METHOD 

Magnetic Nanoparticle Model Construction 

Superparamagnetic iron oxide Fe3O4 nanoparticles were considered for our model MNP in this 

study. Bulk Fe3O4 has an inverse spinel structure with an Fd-3m space group containing both 

Fe2
+ and Fe3

+ atoms. A CIF file (COD ID 9007644) containing the Fe3O4 crystal structure was 

downloaded from the Crystallography Open Database.87 Using the Mercury 3.9 software, the 

unit cell of the Fe3O4 structure was constructed from the CIF file.88 The unit cell was translated 

in three dimensions to build the cubic nanoparticle of 3.2-nm size using the leap program of the 

AmberTools 18 software package.89 For the spherical core model, a larger 5-nm cubic cell was 

first built, and then a sphere was cut out by selecting the atoms within a 16-Å radius from the 

center of the cube mass. Covalent bonds were assigned within a 2.1-Å cutoff distance between 

the atoms of the cubic cells using the leap program. The undercoordinated atoms from the 

surface of the sphere were deleted. The resulting spherical core carried 1,622 atoms (924 O; 468 

octahedral Fe; 230 tetrahedral Fe), and the cubic core carried 3,580 atoms (2,048 O; 1,024 

octahedral Fe; 508 tetrahedral Fe). In an aqueous system, freshly prepared magnetite 
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nanoparticles were reported to carry a net positive surface charge density at neutral pH.90 Hence, 

a second bare spherical core having a net positive surface charge density of +0.05 C/m2 was 

constructed to study the effect of the surface charge on particle alignment. To add the net surface 

charge, the MNP atoms were divided into “surface atoms”, by selecting a 2-Å shell of surface 

atoms, and “bulk atoms”, the remaining atoms within the center of the MNP. The partial charges 

of the “surface atoms” were then adjusted to yield a net +0.05 C/m2 value. The partial charges of 

the “bulk atoms” were then adjusted to counterbalance this additional charge on the surface, 

making the whole nanoparticle core charge neutral. A schematic showing the method of surface 

atom selection and corresponding atomic partial charges is shown in Figure S7. The non-bonded 

parameters of the force field for the Fe and O atoms were taken from the Universal Force Field 

(UFF) by Rappe et al.91 All the atoms within the rigid core moved as a single entity, thereby 

eliminating the need for the bonded terms in the force field. To create a dipole moment vector, 

two atoms were selected along the opposite ends of an arbitrary diameter vector in the core. The 

type of these two atoms was set as “Ms”, which was later used by the LAMMPS plugin to 

identify and calculate the dipole moment vector during the simulation.  

For ligand functionalization of MNPs, the experimental oleic acid densities on spherical Fe3O4 

MNPs lie between 2.5-3.0 nm-2.92 In our model, we covalently attached 90 oleic acid ligands 

onto the charge-neutral spherical core and 76 oleic acid ligands onto the cubic core yielding a 

grafting density of 2.79 nm-2 and 1.86 nm-2, respectively. During the attachment process, both O 

atoms of the deprotonated carboxyl group of the oleic acid were covalently linked to a single 

surface Fe3
+ atom (bi-dented bonding) for simplicity. The partial charges of the oleic acid and the 

solvent molecules were calculated with the General Atomic and Molecular Electronic Structure 

System (GAMESS) 5DEC14R1 package93 by fitting the electrostatic potential surface using the 
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default Restrained Electrostatic Potential (RESP-A1) charge model94 implemented in the R.E.D. 

Tools III.95 The other bonded and non-bonded terms of the force field for the oleic acid and the 

solvent molecules were parameterized using GAFF2.96 The calculated partial charges of the 

molecules and force field parameters are detailed in Figure S8 and Table S2, S3. The dipole 

moment of the MNP was calculated by assuming a fully saturated MNP and multiplying the 

volume of the MNP core with the bulk saturation magnetization value of 480 kA/m for Fe3O4 

nanoparticles.44 The constructed final MNP structures are shown in Figure 1 (a). 

MD Simulation Setup 

All-atom MD simulations were conducted using the LAMMPS97 simulation software. The 

‘lj/cut/coul/long’ pair_style was used to calculate the pairwise interactions with an 8.0-Å cutoff. 

Unless otherwise specified, a 15.0-Å buffer was used between the solute MNPs and the periodic 

boundaries of the simulation box. The calculated average density value for an ethanol solvent 

box was 0.7726 ± 0.0098 g/cm3 and for a hexane solvent box was 0.6622 ± 0.0081 g/cm3 at 300 

K and 1 atm. The Particle-Particle Particle-Mesh (PPPM)98 type K-space solver with a precision 

value of 1.0E-4 was used to calculate the long-range Coulombic interactions. All systems were 

initially energy minimized for 500 energy iterations and 1,000 force evaluations using the 

conjugate gradient algorithm to remove any overlap between the atoms. They were then heated 

from 0 to 300 K for 90 ps, followed by a 200-ps NVT equilibration at 300 K. A subsequent NPT 

equilibration for 1 ns was conducted at 300 K and 1 atm. All production simulations were finally 

conducted in NVT conditions. A time step of 1 fs was used throughout the simulation. The Nosé-

Hoover thermostat with a damping constant of 0.01 ps was implemented for temperature control 

during the NVT production simulations.99 Periodic boundary conditions (PBCs) were 

implemented in all three directions. The developed rigid-body dynamics-based plugin, MSPIN, 
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was used only during the production simulation to input the information of the dipole moments, 

external magnetic field, and to calculate the magnetic interactions between the MNP cores. 

Rotations of the bare MNPs were simulated for 5 ns. The assembly of eight MNPs was simulated 

for 20 ns, and the assembly of cubic MNPs was simulated for 4 ns. The simulation of ring and 

line formation was conducted for 5 ns. While we typically employ longer simulation times (50 ns 

to 1 µs) for modeling equilibrium properties of materials,100–103 and the choice of time depends 

on the size and complexity of the system, simulation results presented here are for non-

equilibrium conditions, which warrants shorter simulation times. A summary of the simulated 

systems including system size, solvent numbers, runtime, etc. is provided in Table S1. 

All visualizations were performed using the Visual Molecular Dynamics software.104 The 

magnetic dipolar and Zeeman interaction energies were calculated with the developed MSPIN 

plugin using Equations (2) and (3). The total system energies were reported by the LAMMPS 

software during the simulations, and the VDW interaction energy between the MNP surfactants 

was calculated using the lie command of the CPPTraj analysis software.105 

Abbreviations 

MNP, Magnetic Nanoparticle; MD, Molecular Dynamics; d-d, Dipole-Dipole; MC, Monte 

Carlo; CG, Coarse Grained; LD, Langevin Dynamics; VDW, van der Waals; PBC, Periodic 

Boundary Conditions. 
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