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A B S T R A C T

Colloidal solutions of magnetic nanoparticles are usually employed when the fluidity and magnetic properties
are required at the same time, either in technical or biomedical applications. However, when the magnetic size
of the nanoparticles is large enough (> 12–15 nm) the colloid may form an equilibrium structure with or
without the external magnetic field, which can significantly influence its rheology. Using multi-particle collision
dynamics we study the internal structure and viscosity of the magnetic colloids at varying magnitudes of the
externally applied field. We show a generalized structural behavior across all studied regimes and an appreciable
increase of flow resistance with magnetic field.

1. Introduction

Self-assembly is a major route by which colloids are able to organize
into larger scale structures. The dipolar nanoparticles with sufficiently
large dipole moments spontaneously form a polydisperse ensemble of
stochastic flexible chains [1], which can be aligned and extended by
external field. The possibility of these equilibrium formations was
predicted theoretically [2] and evidenced by TEM in vitrified films
[3–5] and SANS [6,7]. Magnetic colloids – solutions of magnetic na-
noparticles – are unique in that they couple liquidity and magnetism.
Field-induced structural anisotropy is apparent in the measurements of
their rheological response [8,9] accompanied by a dramatic increase of
viscosity and pronounced shear-thinning behavior as a consequence of
the field-induced appearance and transformations of heterogeneous
aggregates, where the presence of even minor amount of magnetic
particles can have a profound influence on the flow behavior [10–13].
This self-assembled system represents strongly anisotropic reconfigur-
able material susceptible to external stimulation, which can be used to
obtain negative-viscosity [14,15], create functional flow, perform im-
munoassay [16], administer drugs [17] or treat cancer [18]. The field-
induced interactions are penetrating, reversible and can be switched on
or off on demand without complicated chemistry. However, the safe
and effective application of self-assembled materials in diverse fields
relies on understanding and quantifying their macroscopic rheological
behavior as a function of their internal microstructure. The flow be-
havior of strongly anisotropic materials with complex nonlinear
rheology presents considerable problems, which cannot be solved
without numerical simulations to resolve the interplay between long-

and short-range anisotropic dipolar interactions, thermal fluctuations,
solvent-mediated hydrodynamics and external field. Previously we
have investigated the rheological response of dipolar colloids under
infinite aligning field [13], however the effect of a finite field was not
studied. Here we extend our simulation model and report the influence
of a magnetic field with varying magnitude and direction on the
structure and viscosity of ferrofluids.

2. Model

The dipolar colloids are modeled as an ensemble of monodisperse
spheres with a diameter σ and an embedded point dipole μ producing
anisotropic pairwise interaction [19] = −β k T( ( ) )B
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where rij is the center-to-center distance between particles i and j (all
lengths are given in units of particle diameter σ). The dipole-dipole
interaction parameter λ characterizes the ability of the colloid to form
an equilibrium structure and expresses the ratio of the characteristic
energy of the dipole-dipole interaction between the particles to the
average energy of their thermal fluctuations:
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where μ0 is the magnetic constant, μ – magnitude of the particle dipole
moment, σ – the effective diameter of the particles, including the
thickness of the surfactant shell. The excluded volume, incl. the steric
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hindrance of the solvation shell, is modeled by the repulsive Weeks-
Chandler-Andersen (WCA) potential
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To account for the hydrodynamic effects we use a hybrid scheme
[20] whereby the interacting colloids are immersed in a coarse-grained
fluid governed by the multi-particle collision dynamics (MPCD)
[21,22], which employs a stochastic bath of point-particles with mass
mf to resolve the hydrodynamic modes on the desired length scale. In
MPCD the dynamics proceeds in alternating streaming and collision
steps. During the streaming the particles propagate ballistically during

tΔ mpcd

+ = +r r vt t t t t( Δ ) ( ) Δ ( )i mpcd i mpcd i (4)

For the collision step the particles are assigned to cubic bins × ×a a a
and their thermal velocities are transformed bin-wise to imitate mul-
tiparticle collisions

→ 〈 〉 + − 〈 〉v v v vκ αΩ ( )·( )i J J J i J (5)

where vi is the velocity of ith MPCD-particle in the Jth bin containing nJ
particles, i.e. ∈ … 〈 〉 = ∑−
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J is the average velocity and

αΩ ( )J is the matrix for a rotation by an angle =α π
2 around one of the

six orthogonal axes aligned with the coordinate axes of the simulation
box [21,23,20] randomly selected for every bin and collision step. The
bin-wise scaling factor =κJ
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a constant temperature T in NVT simulations. The local conservation of
the streaming momentum leads to correct hydrodynamics on the length
scales >r a. The colloid-solvent coupling is achieved at the streaming
step [20] using the stochastic boundary conditions (BC) [24,20] to
enforce the no-slip condition. Hence, the flow unbiased normal vn and
tangential vτ velocities of the reflected solvent particles are drawn from
the distributions
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Whereas the momentum exchanges impart force and torque on the
colloids [20] enabling Brownian-like thermalization. The Mason
number [25] (dimensionless shear rate) relates the destructive hydro-
dynamic forces to the bonding polarization forces
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where η0 is the viscosity of the solvent and γ ̇ is the shear rate. The
simulations are performed with Large-scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS) [26,27], the dimensions of the si-
mulation domain are =L 24x , =L 24y , =L 24z (volume =V L L Lx y z)
containing 1320 colloids and approx. 630,000 solvent particles, the
external field is applied in y direction, except when the direction is
varied. In contrast to previous work [13], which exploits a rheometric
channel geometry, here periodicity is imposed in all directions using
Ewald’s summation and metallic BCs to account for long-range dipolar
interactions. Initially the colloids are randomly dispersed at a pre-
defined volume fraction =ϕ 5 vol%. The shear flow is induced using the
Lees-Edwards scheme in y direction. As such, the current model is
consistent with the bulk material flow and allows to study the effect of
field strength and anisotropy. After a brief limit run the system was
equilibrated for ̃=t t4000eq followed by a production run of

̃t4000–20, 000 , depending on the shear rate. Bin-wise sampling was
used to measure the flow profile and determine the shear rate γ ̇. Every
simulation was repeated between 4 and 32 times. The error is reported
in terms of the standard deviation.

3. Results and discussion

Due to the presence of a moderate spontaneous dipole assigned to
the nanoparticles, the system retains a limited structuring ability even
in zero field, forming a small number of dynamic worm-like chains
susceptible to intense thermal fluctuations. The action of the applied
field =ξ μ μβH0 is twofold – to align the chains in the direction of the
field and to suppress the rotational fluctuations of the constituent na-
noparticles, whereas the latter effectively lowers the temperature of the
system both stiffening the chains and elongating them along the field.
Fig. 2B shows the probability distribution function (PDF) for finding
particles belonging to chain-like structures at certain positions relative
to the center of mass of the aggregates. With no external field the PDF is
a compact isotropic spherical globule comprising shells of probability
within which the orbital motion of the constituent nanoparticles pro-
ceeds during the rotational motion of the chains. The applied field ef-
fect on the averaged microstructure is visualized directly as initially the
narrowing of the angular aperture available to the orientational fluc-
tuations of the chains, whereas at high field the average conformations
are essentially one-dimensional. The uncoiling and extension of the
dissolved chain-like structures is accompanied by the appearance of
additional orbits, which eventually transform into a set of narrow
maximums within the elongating tail of the PDF where the particles are
primarily localized in a chain.

The chain length distribution gn expresses the number of n-particle
chains within a unit volume of the colloid and is shown in Fig. 2 (left)
for varying field strength. At all fields the chain length distribution is
exponentially decaying with increasing number of constituent particles
and comprises two regions with different slopes, the first dominated by
the relatively short chains of a few particles and the second corre-
sponding to a minor number of very long chains up to several tens of
particles. As the field strength is increased → ∞ξ a larger quantity of
longer chains is formed at the expense of free floating particles and
shorter chains.

It was shown previously that the chain length distribution of dipolar
colloids obtained at infinite field and varying dipolar strength λ and
shear rates Mn shows a generalized behavior and obeys scaling re-
lationships of the form −α α n β α β g( , )λ Mn λ Mn Mn n

1 , which can be used to
obtain a master curve. Fig. 2 (middle) shows that the gn dependence on
the external field is collapsible as well across a broad range of shear
rates ∈ −Mn {10 , 1}5 and field strengths ∈ ∞ξ {0, } applying a scaling
transformation =∗n α α α nλ H Mn and =∗ −g β β α β gn λ H Mn Mn n

1 , where αλ, βλ,
αMn, βMn have been determined previously and αH and βH are used to
reduce the field-dependence.

The average number of particles in a chain is expressed from the
chain length distribution
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The average length of a chain is just a few particles due to the over-
whelming contribution of free-floating particles mixed with some
amount of dimers, trimers etc. At low shear rate →Mn 0 the self-as-
sembled structure is relatively unaffected by the hydrodynamic stress
exerted by the flow of the surrounding fluid and the average chain
length does not change. For larger shear rates →Mn 1 the shear forces
become comparable with the magnetic forces keeping the chains to-
gether and the constituent particles can be more easily detached. The
average chain length 〈 〉n decreases rapidly beyond approx. > −Mn 10 2.
Fig. 2 (right) shows that at lower applied field magnitudes the chains
are less susceptible to hydrodynamic erosion because their orientation
is not completely fixed by the field and they retain a limited ability to
align with the direction of the flow, which minimizes the hydrodynamic
stress on the microstructure. When the rotation is impeded by the ex-
ternal field the erosion is more significant leading to a steep decrease of
the chain length with the shear rate Mn. On average the chains are very
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short, of the order of 〈 〉 ∝ ÷n 1 2 particles. This is, however, not re-
presentative of the magnitude of the magnetovisocus effect, which
displays a variation of the intrinsic viscosity defined as (σxy is the shear
stress)

⎜ ⎟= ⎛
⎝

− ⎞
⎠

−η ϕ
σ
η γ

[ ]
̇

1xy1

0 (9)

across more than an order of magnitude with the varying strength of the
applied field in Fig. 3 (left). The contribution of the dissolved micro-
structure to the dissipation of streaming momentum characteristically
scales as ∝η n[ ] 3 for the antisymmetric stress induced by the added

torque of the orientationally fixed chains and ∝ n
nlog

3
in the case of a

symmetric stress increment, which is the conventional suspension stress
[13]. Hence, the primary contributions to the viscosity come from the

Fig. 1. Field-structured magnetic colloids =λ( 3): top (A) – simulation snapshots of self-assembled colloidal structures at increasing magnitude of magnetic field ξ ;
bottom (B) – corresponding positional probability distribution of particle within the self-assembled clusters.

Fig. 2. Microstructure self-assembled from magnetic nanoparticles in shear flow and magnetic field =λ( 3): left – distribution of chain lengths gn in vanishing shear
→Mn 0 and varying external field ξ ; middle – chain length master curve obtained by plotting all simulation data for shear rates ∈ −Mn {10 , 1}5 and field strengths

∈ ∞ξ {0, } in scaled coordinates ∗ ∗n g( , )n , the inset shows a detailed view of the initial region; right – shear rate dependence of the average chain length 〈 〉n for varying
field strength ξ .

Fig. 3. Field dependence of the viscosity of ferrofluids =λ( 3): left – viscometric curves of the magnetic colloid obtained at varying field strength ξ ; middle –
dependence of the shear thinning exponent Δ on the applied field; right – field dependence of the viscosity at vanishing shear rate →Mn 0.
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relatively rare events associated with the formation of very long chains
≫ 〈 〉n n .
At zero field the flow is nearly Newtonian although a limited degree

of association can be seen from Figs. 1 and 2. With higher field strength
a typical polymeric rheology is observed with a pseudo-Newtonian
plateau at low shear rates leading to a near-power law ∝ −Mn Δ shear
thinning region for →Mn 1. The shear thinning exponent Δ here in-
creases monotonously from 0 to a saturation value of about 0.538 (Fig. 3
(middle)), i.e. slightly less than approx. 0.8 found for dipolar colloids
with high interaction strength → ∞λ . For vanishing shear rates

→Mn 0, which is a typical regime for dispersions of nanosized parti-
cles, the intrinsic viscosity →η[ ]Mn 0 grows monotonically with the in-
creasing field strength from approx. 3 at zero field ( =ξ 0), which is
slightly larger than 2.5 for non-magnetic suspensions, and slowly sa-
turates at approx. 40 for → ∞ξ (Fig. 3 (right)) constituting more than
one order of magnitude increase.

To check the anisotropy of the magnetic viscosity a series of simu-
lated rheometric tests has been performed with varying orientation of a
strong applied field relative to the direction of the shear. Fig. 4 indeed
shows that the reference direction (0°), where the induction vector
points along the velocity gradient, does indeed present by far the
highest magnitude of the magnetoviscous effect, whereas other sym-
metric configurations – either along the direction of the velocity vector
(90°) or the vorticity (perpendicular to both the velocity and the ve-
locity gradient) vector – show negligible magnetic stress increment.
Sweeping the magnetic field orientation from − °90 to °90 within the
velocity-velocity gradient plane clearly reveals the asymmetry of the
hydrodynamic stress. Mechanically, for inclination angles below °0 the
hydrodynamic stress of the shear flow acting on a linear chain should be
compressive, promoting the growth of chains, which are inclined op-
posite to the shearing direction. Likewise, for inclinations above °0 the

stress should be erosive. Above approx. °30 , i.e. when the chains are
slightly inclined in the direction of shear, the influence of the erosive
stress reaches its maximum and starts to diminish with the reduction of
the hydrodynamic cross-section of a chain, which is visible to the shear
flow. Hence, the average chain length 〈 〉n begins to grow. The com-
pressive effect is noticeable across a fairly broad range of studied shear
rates > −Mn( 10 )3 .

4. Conclusions

Here we presented the initial results concerning the field depen-
dence of viscosity of magnetic colloidal solutions (ferrofluids) with
sufficient interaction strength to form a self-assembled microstructure.
We have shown a generalized structural behavior where the chain-
length distribution obeys a single master curve across all studied re-
gimes of external field ξ and shear rate Mn. Subsequently, we have
measured an appreciable increase of the flow resistance due to the
extension of internal structure by magnetic field with an approximately
twofold increase in the overall viscosity, which is characteristic for
weakly-interacting commercial ferrofluids [8,28–30]. These results will
serve as a basis for a more detailed theoretical analysis to produce a
general framework for the rheology of field-structured colloids, which
is currently underway. A potential difficulty is to account for the
compressive influence of the shear flow on the self-assembled chain-like
microstructure, which leads to artifacts in the existing tensorial models
[31].
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