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Abstract

“Active matter” refers to a class of out-of-equilibrium systems whose ability to transform environmental energy to
kinetic energy is sought after in multiple fields of science and at very different length scales. At microscopic scales,
an important challenge lies in overpowering the particles reorientation due to thermal fluctuations, especially in nano-
sized systems, to create non-random, directed motion, needed for a wide range of possible applications. In this article,
we employ molecular dynamics simulations to show that the diffusion of a self-propelling dipolar nanocube can be
enhanced in a pre-defined direction with the help of a moderately strong applied magnetic field, overruling the effect
of the thermal fluctuations. Furthermore, we show that the direction of diffusion is given by the orientation of the net
internal magnetisation of the cube. This can be used to determine experimentally the latter in synthetically crafted
active cobalt ferrite nanocubes.
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1. Introduction

The term “active matter” is a broad concept that ac-
counts for any system of one or many entities that con-
vert environmental energy into kinetic energy, hence
self-propelled motion. Importantly, such general defi-
nition applies to any length scale. A paradigmatic ex-
ample is the case of animals, that are active entities
whose characteristic sizes span from the macroscopic to
the microscopic scale. For the latter case, one can find
not only other active biological entities, such as bacteria
or that biopolymers forming the cytoskeleton of living
cells, but also artificial systems created with nano- and
molecular motors on the nanoscale. Available experi-
mental techniques have already allowed to explore mul-
tiple mechanisms to create active microscopic systems,
particularly artificial “active particles” that self-propel
across an appropriate or taylored environment. Exam-
ples of such environments are as diverse as concentra-
tion gradients of chemical reactants [1, 2] or the use of
defocused lasers to induce self-thermophoresis [3–5].

The interest in designed active micro- and nanopar-
ticles has largely grown in recent years due to their
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great potential for multiple applications. The relevant
property one harness from such active particles is their
enhanced kinetic energy compared to simple Brown-
ian particles, leading to fascinating applications such
as dynamically changing crystal lattices [6–8] or tar-
geted drug delivery systems [9–12]. However, many of
such applications require the active component to move
within liquid backgrounds that can not be easily tay-
lored while facing the effects of thermal fluctuations,
whose relative importance tends to grow as the char-
acteristic length scale of the system decreases. Rota-
tional diffusion becomes a challenge for the design of
certain applications, as it tends to make the direction
of the active motion unpredictable, particularly at the
nanoscale [13, 14]. Therefore, to find new ways to con-
trol and direct the motion of active micro- and nanopar-
ticles, preferably by means of easily applicable external
stimuli, is a key aspect for the development of applica-
tions based on these systems. One of the most inter-
esting strategies to achieve such a control is based on
the use of external magnetic fields. The fact that most
biological materials have a negligible response to not
very strong fields avoids undesired side effects, making
this approach particularly appealing for biomedical ap-
plications. The main challenge is the design of artificial
active particles with a magnetic response that optimises
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the external control of their motion.
The idea of gaining control on active systems by de-

signing magnetoresponsive active particles is not un-
charted waters. There have been several attempts of
using external fields to orient the motion of active par-
ticles self-propelled by catalytic reactions, for instance
by partially covering their surface with thin layers of
magnetic materials [15, 16]. Rotating and non-uniform
magnetic fields can be employed to not only orient but
also to power the self-propulsion of magnetic particles
[5, 17, 18], that become swimming units. However, de-
spite the promising properties that magnetic particles
have regarding their field induced reorientation, to tay-
lor and optimise their behaviour as active entities is still
an open challenge. To this respect, any rationale design
has to take into account the current knowledge on the
properties of magnetic colloids and nanoparticles.

Independently from their potential as active materi-
als, micro- and nanoparticles composed entirely or par-
tially of magnetic substances have been studied in the
past 60 years as the main building blocks of magnetic
soft matter systems. Classical examples of magnetic
soft matter are ferrofluids and magneto-rheological flu-
ids, that are suspensions of such magnetic particles
in magneto-passive liquid carriers [19–22], as well as
magnetic gels [23–25] and elastomers [26, 27]. The be-
haviour of all these materials strongly depends on the
self-assembly and field-induced assembly processes of
the magnetic particles forming them [28–31]. Such as-
sembly properties are determined by the existence of a
remanent or field-induced magnetic moment within the
particles, with a persistent or changing orientation with
respect to their body frame. In the simplest case, cor-
responding to monocrystalline spherical particles, the
magnetisation orientation mainly depends on internal
anisotropies associated to the crystalline structure of the
material [32, 33]. For anisometric (i.e., non spherical)
particles, their shape anisotropy may cause additionally
an imbalance in the demagnetising fields, generating a
preferential axis for magnetisation orientation. The im-
portance of this interplay between internal and shape
anisotropies is growing with the development of modern
synthesis techniques, that allow reproducible manufac-
turing of micro- and nanoparticles with a broad range of
anisotropy combinations and magnetic behaviours [34–
44].

Among novel anisometric magnetic particles, mag-
netic nanocubes are currently attracting a considerable
attention due to the strong dependence of their proper-
ties on the relative orientation of their magnetic prefer-
ential axis and their anisometry [45–51]. Such diversity
of behaviours points magnetic nanocubes as extremely

interesting test systems for the fundamental study of the
impact of anisotropies on active nanoparticles, opening
up the possibility to find novel and/or optimised config-
urations for practical applications.

In this work we present a preliminary qualitative
study based on computer simulations of a recently syn-
thesised hybrid active-magnetic nanoparticles. The sys-
tem is composed of a catalytic active spherical nanopar-
ticle and a single-domain magnetic nanocube rigidly as-
sembled [52]. The propulsion and the magnetic axes in
this hybrid particle are not necessarily co-aligned, hence
very different behaviours can be obtained depending on
their relative orientation. Employing a coarse-grained
model that accounts for the shape of each component
and represents the magnetisation of the cube as a point
dipole fixed in its body frame, we perform extensive
molecular dynamics simulations of a single active unit,
sampling two distinct orientations of the magnetisation
in an experimentally accessible range of applied mag-
netic fields. By thoroughly comparing the active diffu-
sion properties for both investigated cases, we show that
an applied field of moderate strength can effectively di-
rect the active diffusion of these particles. We also show
that the intrinsic orientation of the magnetisation is the
decisive factor that determines the direction of the active
diffusion through a measure accessible in experiments.
Our results indicate that this effect could be used to de-
termine experimentally the actual magnetic axis of any
individual active nanoparticle of this type.

The structure of the article is the following. In the
next Section 2 we introduce the system under study.
In Section 2.1 we describe the experimental system,
whereas Section 2.2 includes details of the simulation
approach. In 2.3, we discuss experimental and model
parameters. Section 3 presents the results, first dis-
cussing the diffusion coefficients for both studied cases
in 3.1 and finally the impact of magnetisation orienta-
tion on the direction of diffusion in 3.2. Final conclu-
sions are summarised in Section 4.

2. Active magnetic nanocube

2.1. Experimental system

The investigated active particle consists of a single-
domain cobalt ferrite (CoFe) nanocube with a smaller
platinum (Pt) nanoparticle rigidly attached to one of its
corners, as shown in Fig. 1. The synthetic preparation
of cobalt ferrite-platinum nanostructures entails a sta-
ble interface linkage between the domains via a two-
step process [53]. Initially, platinum nanoparticles in a
size range of (6.4 ± 0.8)nm are prepared by a modified
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Figure 1: Left: HR-TEM images of the self-propelled dipolar cubes.
In the bright-field images, darker contrast corresponds to platinum,
while lighter contrast corresponds to cobalt ferrite. Right: computa-
tional ”raspberry” model of the self-propelled dipolar cube. The dark-
gray particle attached to the corner of the cube represents the active
platinum sphere in the experimental system.

thermal decomposition route [52]. The seed-mediated
growth of the CoFe domain is induced by thermolysis
and performed in organic phase nucleated from the plat-
inum counterpart. Next, the capping surface of these
nanostructures is further modified using a ligand ex-
change treatment. In this way, it is possible to obtain
poly (acrylic acid) capped nanostructures with an edge
length of (29.6±3.7)nm. These nanostructures are well-
dispersible and stable in aqueous media as well as in di-
luted buffer solutions at physiological pH. The units are
activated through self-diffusiophoresis using a coupled
chemical fuel system based on the platinum catalysed
reduction of borohydrides. Hence, the propulsion is
generated by a concentration gradient considering both
fuel and reaction products in the vicinity of the plat-
inum counterpart. In addition, the dipolar CoFe units
are railed by a passive magnetic field to reduce the pre-
dominant rotational diffusion affecting for nanometric
objects.

The actual orientation of the magnetic moment within
the cube and with respect to the corner where the active
particle is attached is difficult to determine experimen-
tally. The crystalline anisotropy suggests that [111] ori-
entation is the most probable one. However, the orien-
tation in real systems might differ or even switch in the
course of the experiment. One of the ways to elucidate
the impact of intrinsic magnetisation direction on the
self-propulsion behaviour in an applied magnetic field
is to employ simulations, in which, as shown below, it is
straightforward to manipulate this parameter and anal-
yse how it affects the efficiency of the external field on
directing the active diffusion.

2.2. Numerical model
We perform molecular dynamics simulations in the

canonical ensemble to investigate the effects of the
anisotropies in the active diffusion of the dipolar cube
under infinite dilution conditions. All simulations were
executed with the simulation package ESPResSo [54].
The fundamental equation which is numerically inte-
grated to get a discrete trajectory of the particle is the
Langevin equation of motion, that for translational de-
grees of freedom reads

m
dv
dt

= −γv − ∇U(r) + F(t) ; v =
dr
dt
, (1)

including the quantities: particle mass m, particle po-
sition r, particle velocity vector v, friction coefficient
γ, the gradient of any interaction potential acting on
the particle ∇U(r) and a random force F(t). The lat-
ter should be Gaussian distributed according to Ornstein
and Uhlenbeck [55], having independent components
with magnitude Dp, and δ-correlated time dependence,

〈F(t)〉 = 0,
〈Fi(t)F j(t′)〉 = 2Dpδi, jδ(t − t′) ,

(2)

where i and j can take the indices x, y and z of the spa-
tial directions. This random force represents implicitly
the effects of the thermal fluctuations of the background
fluid at a temperature T , providing the possibility to effi-
ciently produce simulation data for a system at constant
thermal energy kT , being k the Boltzmann constant. Ex-
pressions analogous to (1) and (2) are also integrated for
the rotational degress of freedom.

The interaction of the cube magnetic moment, repre-
sented as a fixed point dipole ~d, with the applied mag-
netic field, ~H, is given by the classical Zeeman potential

UZ = −~d · ~H, (3)

In all cases, the field is applied along the z-axis of the
simulation box, that is cubic and has periodic boundary
conditions in order to represent a pseudo-infinite sys-
tem.

Exploiting the Langevin-equation, self-propelled mo-
tion in simulations can be represented by a constant
force applied along the propulsion axis of the active par-
ticle. Through a velocity dependent friction, an active
particle attains a terminal velocity va (see Table 1). The
value of the latter is defined by the balance of this fric-
tion and the driving force. This approach is called the
Active-Brownian-Particle (ABP) model and is used to
study a variety of active matter phenomena in simula-
tions [56, 57].
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∣∣∣∣~d ∣∣∣∣ ∣∣∣∣ ~Hmax

∣∣∣∣ kT γ mCoFe mPt va

10 0.1 1 1 56 2 0.1

Table 1: Dimensionaless parameters used in the simulations: dipole moment of the magnetic cube,
∣∣∣∣~d ∣∣∣∣; maximum strength of the applied field,∣∣∣∣ ~Hmax

∣∣∣∣; thermal energy, kT ; friction coefficient, γ; mass of the magnetic cube, mCoFe; mass of the catalytic sphere, mPt; terminal velocity of the
active force, va. See the main text for their correspondence to experimental values.

do = [111]

do = [100]

fo = [111]

Figure 2: Schematic of an active-cube unit, with the cube in light-
gray and the active portion as a dark-gray sphere. The vectors in the
center represent the point dipole in the center in the cube, which has
a direction do aligned with either the [111] (in blue) or the [100] (in
red) axis of the cubes body. The black vector indicates the orientation
fo = [111] of the induced active velocity, which is pointing towards
the cube center at all times.

The approach used to represent the anisometry of
our system is the so-called “raspberry model” [58–60],
which uses spherical building blocks disposed in a rigid
arrangement to effectively represent any body shape.
This is analogous to the model used by Donaldson et
al. for simple magnetic nanocubes [50, 61, 62]. The
size, shape and mass of the raspberry grains are cho-
sen in such a way, that the resulting cube characteris-
tics closely resemble those in experiment. The number
of grains in the raspberry is not directly affecting the
diffusion of the particles, but only its geometry. It is
important to mention that once hydrodynamics is taken
into account, the choice of size and number of raspberry
grains becomes undeniably important. Fig. 1 shows the
raspberry structure used in our simulations. The point
dipole is placed in the center of the cube. Its relative ori-
entation do, defined with respect to the corner at which
the active particle is fixed, is either [111] (along one
main diagonal of the cube, pointing opposite to the ref-
erence corner) or [100] (pointing to the center of one

of the faces of the cube that includes the reference cor-
ner). This is depicted in the schematic representation
shown in Fig. 2. The self-propulsion force of the ac-
tive sphere sitting at the reference corner is constant and
pointing towards the center of the cube, thus, parallel to
the dipole moment for the case [111] and perpendicular
to it for [100]. The analysis of the simulation trajec-
tories is performed separatelly for the direction paral-
lel (z-axis) and perpendicular (xy-plane) to the applied
field.

In all simulations the integration time step has been
chosen to be τ = 0.005, ensuring stability of the inte-
gration scheme. The simulation protocol is the follow-
ing. First, a cycle of 2000τ to allow the random reori-
entation of the raspberry particle from its initial config-
uration has been performed before the magnetic field is
switched on along the z-axis. Another cycle of the same
length provides time for the unit to respond to the mag-
netic field. The mean-squared displacement (MSD) is
calculated after such initial relaxations, for at least 107τ
steps, to provide sufficient statistics for the range of the
MSD investigated in this study. Results below were ob-
tained by averaging over 4 independent simulation runs.

2.3. Connection to the experiments

The parameters used in the model represent CoFe
cubes of 20 nm side length with a magnetic moment
of 1.05 · 10−18 A ·m2 attached to Pt spheres of 4 nm of
diameter. The highest strength of the magnetic field is
chosen so that the absolute value of the minimum Zee-
man energy, corresponding to a perfect aligment of the
dipole with the field, is equal to the thermal energy. This
corresponds to a field of approximately 3.9 mT. How-
ever, in order to ensure the stability of the numerical
integrations, in simulations it is convenient to use a sys-
tem of dimensionless units that gives parameter values
around unity. That system can be arbitrary as long as
it keeps the same ratios for the corresponding relevant
experimental parameters. In our case, we set our dimen-
sionless parameters by considering the experimental ra-
tios that have been already determined for this system
[52]. These are the aforementioned ratio between mag-
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netic and thermal energy, |UZ |/kbT = 1, and the mass
ratio of the Pt and CoFe components, mCoFe/mPt = 28.
Since here we focus only on qualitative results, arbi-
trary values have been chosen for parameters not yet
measured experimentally. Table 1 summarises the di-
mensionaless values used in this study. The correspon-
dence between the experimental and computational time
is not useful due to the absence of explicit hydrodynam-
ics. However, this does not qualitatively affect the main
results reported below.

3. Results and Discussions

3.1. Mean-squared displacement and diffusion

In order to quantify diffusion anisotropy, we investi-
gated the MSD and diffusion coefficient Dτ for a range
of applied field strengths up to |UZ |/kbT = 1 for a single
active unit to see how much its diffusion is influenced by
the magnetic field. As a reference, the diffusion D0(τ) of
only the active particle without the cube, but otherwise
same parameters, is computed by dividing the MSD by
2τ per component. The calculation of the diffusion is
split into two parts, with the component D‖0 being the
diffusion along the field direction and the component
D⊥0 being the mean of the diffusion components per-
pendicular to the field. The diffusion, shown in Fig. 3,
follows a typical behaviour of a free, unconstrained ac-
tive particle as in Ref. [2], reaching constant saturation
value after a ballistic regime. In this short time ballistic
regime, the particle can move in a more or less straight
line before it is reoriented by random kicks from its sur-
rounding medium. The duration of this regime is deter-
mined by the strength of the active force acting on the
particle. The fact that both curves are almost identical
evidences a fully isotropic diffusion, as expected.

Top panel in Fig. 4 shows the split MSD of the whole
hybrid active-magnetic particle with orientation of the
magnetic moment [111] for different field strengths,
whereas the bottom panel shows its split diffusion coef-
ficients divided by the corresponding reference value of
the free active sphere, D‖/D‖0 and D⊥/D⊥0 . Here, dotted
lines and filled symbols are the average of the two com-
ponents perpendicular to the field and dashed lines with
empty symbols are the parallel components. To guide
the eye, the point τR after which all perpendicular com-
ponents reached constant diffusion, (dD(τ)/dτ)τ≥τR = 0,
and the ratio of perturbed and non perturbed diffusion
equal to unity, D(τ)/D0(τ) = 1, are indicated by dashed
horizontal and vertical lines, respectively. The MSD
reveals that the effect of particle redirection stemming

Figure 3: Diffusion of an unconstrainted active particle without the
cube attached, obtained from the computation of the MSD divided
by τ. Dashed lines and empty markers correspond to the component
parallel to the magnetic field, D‖0, dotted lines and filled markers to
the mean of the two perpendicular components, D⊥0 .

from the interaction of the dipolar cube with the mag-
netic field leads to a significant enhancement of the par-
allel component of the displacement, with an increas-
ing slope at stronger fields. This is equally reflected
in the diffusion coefficient, where it becomes clear that
the perpendicular to the field components saturate to a
state of constant diffusion while the parallel components
do not follow this behaviour and keep growing beyond
the investigated time frame. Additionally, the perpen-
dicular components saturate at a more than 10 times
smaller diffusion coefficient than its unperturbed coun-
terpart, D0. Besides not saturating, the parallel com-
ponents are also only smaller than their counterpart for
short time scales, eventually increasing over the point
where D(τ)/D0(τ) = 1. The time at which D(τ) and
D0(τ) are equal, depends on the strength of the applied
field, and is shorter as the magnetic field strength in-
creases.

Fig. 5 shows the same quantities as the just discussed
Fig. 4, but for the case of dipole orientation do = [100].
Qualitatively, the behaviour stays intact, but quantitative
changes are observed. Within the same time-frame, the
diffusion does not grow as high as in the [111] case, and
only the parallel component for a magnetic field where
|UZ |/kbT = 1, manages to reach the point where D(τ)
and D0(τ) are equal. This is attributed to the unfavorable
configuration of the active force compared to the dipole
orientation. The dipole remains mostly aligned with the
magnetic field – as shown in later parts of this section
– and the active force can not anymore propagate its
full energy onto the effective diffusion direction of the
cube unit, resulting in an overall slower increase of the
diffusion over time as compared to the more favourable
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Figure 4: MSD (upper) and D(τ) (lower) of a single active cube unit in
fields with magnitude as marked by colours and symbol shapes, where
the dipole orientation do lies along the [111] axis of the cube. Dashed
lines and empty symbols correspond to the component parallel to the
magnetic field, dotted lines and filled symbols to the mean of the two
perpendicular components. The vertical bold line indicates τR and the
horizontal thin line the point where D(τ)/D0(τ) is equal to 1.

[111] case.
It may seem surprising that the ratio of in field com-

ponents keep growing with increasing τ in Figs. 4 and 5.
The reason for this growth is that the distance, traveled
by the active cube in the direction of the applied field,
is growing infinitely large with increasing time step,
in contrast to Fig. 3, where thermal fluctuations force
the unbiased active particle to perform random motion,
leading to the saturation of D0(τ). One can understand
this by imagining a particle that is moving in one direc-
tion with a constant velocity. If you measure the dis-
tance the particle traveled during certain time frames,
one will see that the distance travelled during larger
times is bigger than for smaller ones.

At this point we define two additional quantities use-
ful for the discussion: the ratio R = (D‖/D⊥)τ=τR of
the parallel and perpendicular components of the dif-
fusion at point τ = τR, and the transport efficiency
E = 1 − (D⊥/D‖)τ=τR . The dependence of these pa-
rameters on the field strength for both dipole orienta-
tion is shown in the upper and lower panels of Fig. 6,

Figure 5: MSD (upper) and D(τ) (lower) of a single active cube unit in
fields with magnitude as marked by colours and symbol shapes, where
the dipole orientation do lies along the [100] axis of the cube. Dashed
lines and empty symbols correspond to the component parallel to the
magnetic field, dotted lines and filled symbols to the mean of the two
perpendicular components. The vertical bold line indicates τR and the
horizontal thin line the point where D(τ)/D0(τ) is equal to 1.

respectively. Here one can see that, within the inves-
tigated range of magnetic field strengths, for the [111]
case, diffusion in direction parallel to the field is up to 16
times higher than diffusion of the perpendicular compo-
nents and the efficiency therefore goes up to 94%. For
the [100] case, although not all energy of the active par-
ticle is distributed towards diffusion in field direction,
the parallel component is still up to 5 times bigger in
the same field strength range, topping out at 80% effi-
ciency. The above measures disclose the ability of the
magnetic field to direct the active cube and enhance its
diffusion along its direction. So far unclear, taking into
account the geometry of the cube, is whether diffusion
happens parallel or anti-parallel to the field direction, as
the diffusion coefficients alone are not suitable to make
a precise statement about this point.

3.2. Angular anisotropy and trajectories

In order to elucidate the question rised above, in
Fig. 7, we present polar relative probability distribu-
tions of the track-angle – i.e., the angle between the

6



Figure 6: Ratio (upper) and transport-efficiency (lower) versus H,
computed for the values of D‖ and D⊥ at τ = τr . The results for
the dipole orientation do = [100] are shown with circles and for
do = [111] with triangles. Dotted lines are guides to the eye.

vector connecting two consequent points of the trajec-
tory and the magnetic field vector. To have a deeper in-
sight into possibly occurring anisotropies, the analysis
of this distribution is split into the angle that the projec-
tion of the vector trajectory onto the xy-plane encloses
with the magnetic field, and the angle that the corre-
sponding projection onto the yz-plane encloses with the
latter. Here, those two angles are denoted with φ and θ,
respectively. Probability distributions for the values of
these angles obtained for three selected field strengths,
H = 0.0, 0.06, 0.1, are displayed in these plots. The
distributions are a representation of the mean direc-
tion traveled by the particle with respect to the mag-
netic field. It is seen that fields of increasing magni-
tude clearly shift the distribution towards the 0◦ axis for
the [111] case, showing a clear deviation from the uni-
form distribution corresponding to an unperturbed ac-
tive cubic particle at 0 field. Both, φ and θ, follow this
pattern. The [100] case shows an strikingly opposite
behaviour. Here, the particle travels in the opposite di-
rection of the magnetic field. This observation can be
explained in two steps. First, the angle between the ac-
tive force and the [100] dipole is acute enough, so that
the active particle is effectively pushing in an opposed

direction to which the dipole is pointing (refer back to
Fig. 2 as a visual aid). Second, the force of the active
particle is not strong enough to fully break the align-
ment of the dipole and the magnetic field. Those two
factors force the active particle to push the unit towards
the counter-direction of the dipole, hence the direction
of the magnetic field, and we therefore get the distribu-
tions observed in Fig. 7. Furthermore, the distributions
of the [111] case are more narrow than the ones for the
[100] case at the same field strength. This stems from
the same reason as the magnitude difference in the dif-
fusion coefficient graphs for the two cases: the active
particle is not able to fully project its energy onto the
effective diffusion direction. The track-angle distribu-
tion is a quantity accessible in experimental set-ups and
can therefore act as a guide to determine the internal
orientation of the synthesised CoFe cubes.

4. Conclusion

By performing Langevin Dynamics simulations,
we investigated the behaviour of a hybrid magnetic
nanocube with a smaller active catalytic particle at-
tached to one of its corners, when placed under the in-
fluence of an applied homogeneous magnetic field. We
found that fields at which the Zeeman energy is equal
to the strength of the thermal fluctuations are sufficient
to drastically orient the cube along the magnetic field.
This stems from the inability of the active component to
overpower the reorientation process due to the magnetic
field, even if the active force is not directly aligned with
the direction of the dipole. The active diffusion parallel
to the field is growing slower for the case of non-aligned
active force-dipole orientations, as the active force is not
fully propagated along the diffusion direction of the par-
ticle and some energy is therefore lost. The direction
of diffusion is determined by the internal magnetisation
orientation, showcased for two orientations along the
[111] and [100] axis of the cube. The [111] case dif-
fuses parallel to the magnetic field, while the [100] par-
ticle is geometrically constrained to move anti-parallel
to the field. This can act as a guide to ascertain the mag-
netisation orientation of synthetically created magnetic
cubes, as the observation of this behaviour can also be
captured experimentally, and may furthermore act as a
sorting procedure to separate cubes with different mag-
netisation orientations if an active force on the units is
present. Regardless, both scenarios are highly suitable
for potential applications where field induced redirec-
tion can be beneficial, as the transport parallel to the
field is up to 16 times higher for the [111] and up to 5
times higher for the [100] case. Being these results only
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do = [111]

do = [100]

Figure 7: Polar distributions of the track-angle – the angle enclosed between a vector from one trajectory point to another and the magnetic field
vector ( ~H, in red, aligned with the 0◦ line) – for the zx-plane component (θ, in light-blue) or zy-plane component (φ, in light-yellow). The row
of the figures determines the dipole orientation withing the cube, whichs is either [111] in the upper row or [100] in the lower row. The columns
determine the strength of the applied field ranging from H=0.0 on the left, to H=0.1 on the right.

for magnetic fields where the Zeeman energy and ther-
mal fluctuations are of the same order, we expect a much
higher efficiency of the process at stronger fields, which
can still be easily achieved in experimental set-ups.
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