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structural patterns of different symmetry. Based on a qualitative comparison between a real magnetic
particles system, analytical calculations and molecular dynamics simulations, it is shown that bistability
can be achieved by a proper tailoring of an anisotropic magnetization distribution inside the particles.

The presented bistability opens new possibilities to form two-dimensionally extended and flexible
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Introduction

Colloidal self-assembly is widely used to systematically study
building principles of structures of various complexities. One
especially interesting example for complex structures is given by
modular architectures. They are prevalent in natural materials
on the microscale™* and occur in numerous biological systems.®
Commonly, such structures form by self-assembly of modular
units into larger structures, for example tissues,*” leading to
complex designs with variable functionalities. In nature, high
flexibility and variability in the design is obtained by exploiting
self-organization processes, which depend on diverse, often
interrelated, physical and chemical mechanisms. The long-
standing quest for the replication® of such structures, based
on self-assembly of artificially fabricated constituents, is impeded
by the difficulty to imitate those naturally occurring structural
processes. This can be tackled by developing artificial, self-
organizing systems that also provide large flexibility in their
design. For a controlled artificial self-assembly it is important
to formulate basic, simple building principles and to prove that
the latter can determine the formation of complex and flexible
structures.

Following the idea of ‘colloidal Lego’,””® one simple approach
for flexible modular design is to create colloids that can connect
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structures where the connectivity between the particles can be changed in vivo.

to each other in multiple ways, leading to various assembly
patterns (minimum two) with different symmetry. To date, in
most cases of directional self-assembly, colloidal particles can be
bound together in only one specific position and orientation,
which is set by the interactions at the contact points between
the particles.”™ For example, extensively studied ferromagnetic
particles, which can be approximated by point dipoles,"*™” form
exclusively linear structures due to the dominating head-to-tail
minimum of the dipolar potential. Thus, the interparticle
interaction defines only one specific type of connection based
on which clusters can grow. In order to obtain more than one type
of connection, non-uniform systems with at least two different
types of particles have been used in previous reports.'*° Here,
we present a novel approach in which a single type of colloidal
particle self-assembles through two symmetrically distinct types
of connections, thus providing the system with a structural
bistability. Flexibility/variability of this system stems from the
fact that there coexist two almost equiprobable self-assembly
scenarios. We show that these scenarios can be realized by
magnetic particles with a permanent, anisotropic magnetization
distribution, as the latter leads to essential deviations from the
interaction landscape of particles that can be approximated by a
single point dipole. In contrast to the approach of combining
heterogeneous particles, the presence of a bistability in the
system allows us to control the ratio between the available
distinct connections by tuning the properties of a single type of
colloid.

In particular, the system presented here exhibits a bistability
already in clusters of three particles. We observed two stable
states with distinct topologies: one cluster type is compact and
has zero net magnetic moment, whereas the other one has the
shape of a staggered chain, with a net magnetization perpendi-
cular to the chain. The interconversion between those two
stable states can be realized by applying external magnetic field
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pulses. Following the experimental observations, we develop a
simplified model of spheres containing three point dipoles,
which represent the magnetization distribution in the particles.
We show, analytically and by molecular dynamics simulations,
that the proposed model reproduces both stable configurations
observed in the experimental system. Additionally, this model
allows for the derivation of general design rules for the magneti-
zation distribution inside the particles, which enables controlled
tuning of the connection patterns. The detailed investigation of
the stable connectivity between three particles provides a basis for
the description of two-dimensionally extended self-assembled
structures based on those connection patterns.

Results and discussion
Experimental investigations

In the present study, we investigate silica particles (Fig. 1a),
hemispherically covered with a ferromagnetic thin film (see
Experimental details), in the following denoted as cap. Colloids
built in this way are examples of so-called Janus particles,””*!
with two hemispheres distinct in chemical and/or physical
properties. In our case, the cap has a magnetic anisotropy that
points perpendicular to the particle surface.?” Such a particle
exhibits a rotational magnetization distribution with a net magnetic
moment pointing perpendicular to the Janus interface (Fig. 1b).
In solution, the colloidal particles sediment and form quasi-2D
assemblies due to their magnetostatic interaction. Via video
microscopy, we access the information on spatial and magnetic
configurations of assembled clusters. The latter is extracted from
the orientation of the caps, which coincides with the orientation
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Fig. 1 Sketches and microscopy images of self-assembled structures
from magnetic Janus particles. (a) Cross section sketch of a silica sphere
with hemispherical metal coverage (yellow arc). The arrows indicate the
magnetization distribution. (b) Sketch of two particles in contact, displaying
the cap (dark blue) and the net magnetic moment (black arrow) which has
an in-plane orientation measured by the angles ¢ and . (c) The two-
particle cluster exhibits a staggered antiparallel magnetic ahgnment. Three
particles can assemble in two different structures, (d) a compact cluster,
where the magnetic moments (red arrows) form a flux-closure ring or (e) a
staggered cluster with antiparallel magnetic moments. (f) Image sequence
showing the interconversion between both three-particle configurations by
applying short pulses of external magnetic fields (at 2nd and 7th image)
perpendicular to the image plane (see Movie, ESIY) (scale bar: 5 um).
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of the net magnetic moments of the particles. The component
of the magnetic orientation that lies in the assembly plane
(Fig. 1b) is visualized by the optical contrast between the transparent,
uncapped hemisphere and the opaque, capped hemisphere.
The projected area of the uncapped hemisphere serves as
measure for the magnetic orientation that lies perpendicular
to the assembly plane.

In our system, the self-assembly of two particles always
results in a dumbbell structure (Fig. 1b and c), characterized
by the antiparallelly aligned caps ¢ — y = 180°, with angles ¢
and y defining the net magnetization direction of the first and
the second particle, respectively. This remarkable magnetic
feature of staggered antiparallel orientation has been presented
before*® and is a consequence of the hemispherical metal
coverage, by which the center of mass of the magnetic cap
deviates from the geometric center of the particles.>* In order to
explain this configuration, a model of so-called shifted-dipole
particles (1sd-particles) has been introduced.>*? In this model,
every particle contains a dipole that is shifted radially away from
its center. It has been shown that two interacting 1sd-particles
reproduce the dumbbell shown in Fig. 1b and c. A similar model
was used to describe the self-assembly of spherical colloids with
embedded off-centred magnetic cubes.”®

Unexpectedly, during the self-assembly of three capped particles,
two different stable cluster structures are observed. First, the
particles can form a compact, equilateral triangle (Fig. 1d) with
a three-fold rotational symmetry. Here, each pair of caps encloses
an angle of ¢ —  =120°. The caps form a flux-closure ring, which
results in a vanishing net magnetic moment of the cluster. The
transparent hemisphere of each particle is maximally visible,
indicating that the particle-particle interaction favors an
in-plane orientation. Second, three particles can form a staggered
chain with mirror symmetry (Fig. 1e). Here, particles in contact
exhibit an antiparallel cap orientation. Such a cluster has a net
magnetic moment that points perpendicular to the particle chain.
Thus, the staggered cluster aligns in an external magnetic field,
provided that the field strength is relatively weak and does not
distort the cluster structure. If stronger external fields are
applied, the caps align with the field and eventually the cluster
structure is altered. This can be used to transform one structure
into another, as is described below and depicted in the image
sequence in Fig. 1f. A magnetic field, which is applied
perpendicular to the layer of colloids, forces the individual
particles to rotate such that the caps point perpendicular to
the image plane. The dominating dipole interaction between
coaligned side-by-side dipoles leads to a strong repulsion and,
thus, separation of the particles. Releasing the field results in
reorientation and subsequent recombination of the particles.
During the application of successive magnetic field pulses, any
of the two cluster types (6th and 9th image of Fig. 1e) can form
(see Movie, ESIT), provided that sufficient time between the
pulses is allowed for cluster recombination. This suggests that
both clusters are metastable and their energies are of a similar
order of magnitude. After the field is released, the formation of
one of the states instead of the other one depends on the
relative orientations and positions of the particles before

This journal is © The Royal Society of Chemistry 2016
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recombination and is, therefore, strongly influenced by thermal
fluctuations and external factors such as magnetic fields. For
example, if weak in-plane fields are applied during the recom-
bination process of three particles, we primarily observed
staggered configuration.

Analytic investigations

The staggered cluster is not found with the 1sd-particle model
and only three-fold rotationally symmetric rings are observed.>>?”
This suggests that the metallic cap is not adequately approxi-
mated by a single shifted dipole. Therefore, based on the form of
the magnetization distribution of the cap (Fig. 1a), we introduce
additional anisotropy by assigning each particle three point
dipoles (Fig. 2a), which are shifted radially outwards (3sd-
particles). Such a 3sd-particle carries a central dipole moment
with shift s, and magnitude m,, and two further dipoles on two
opposite sides of the central one with equal shift s; and
magnitude m,. We denote the angle between each of the side
dipoles and the central one as f.

It is important to note that the discrepancy between the
rotational symmetry, which is attributed to the capped particles,
and the mirror symmetry of the proposed model has no qualitative
relevance for the present study. It has been previously shown?®
that for a monolayer of strongly interacting dipolar particles,
the magnetic flux does not, on average, fluctuate out of the
plane of the particle assembly. Since we restrict our study to
two-dimensional particle assemblies, all three dipoles of each
particle will lie in this plane. As the model breaks rotational
symmetry in the direction perpendicular to this plane, we do
not expect qualitative differences between the results of our
analytical investigations and the experimental observations.

In comparison with the 1sd-particle model, where the dipole
shift s, is the only parameter, the increased number of parameters

Fig. 2 (a) Sketch of parameters for the 3sd-particle model with a central
dipole (red arrow) and two side dipoles (yellow arrows). (b) Simulation
model of a 3sd-particle. The grey particle is a real soft-core particle and
red spheres are virtual particles carrying the dipoles (see Methods part).
(c) Simulation snapshot of a ring configuration. (d) Simulation snapshot
of a staggered chain; 0 is the stagger angle characterizing the opening of
this structure.
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in the 3sd-particle model results in a more complex interaction
energy landscape and potentially causes richer assembly behavior.
In the following, we show step by step how the individual
parameters impact the three-particle configurations, and
extract suitable values for the parameters that match the
capped particles. As a starting point, we made several assump-
tions listed below. First, the previously reported comparison
between simulations of the 1sd-model***>?” and artificially
grown compact clusters of the capped particles® suggests a
dipole shift of s, = 0.6, where s,/; is measured in units of the
particle radius. We can use this value here since the side
dipoles only cause a perturbation of the energy landscape.
Second, analytic investigations revealed that the configurations
of three-particle clusters of 3sd-particles qualitatively do not
depend on the absolute values of the dipoles, but only on their
ratio m,/m,. We can assume that m,/m, = 0.5 since the thick-
ness ¢ of the cap at intermediate angles f of the side dipoles is
approximately half the thickness ¢, at the top of the cap,
which varies as #(y) = taccosy with the angle y measured with
respect to its symmetry axis. With these starting values, it is
possible to determine suitable values for s; and f in the model
by comparing our experimental observations with analytical calcu-
lations and numerical simulations using the 3sd-particle model.

By energy minimization of the analytical interaction
potential between 3sd-particles (Fig. 2b), we identify all stable
configurations of three-particle clusters for a range of the
parameters s; and f. The configuration space is depicted in
Fig. 3a as polar plot, where the central dipole is drawn as an
orange arrow. Below a critical value of s;, which is around 0.76
for the examined range of f5, only a triangle with the central
dipoles forming a flux-closure ring (Fig. 2c) is found to be
stable. Larger values of s; result in two energy minima, which
correspond to the ring and the staggered chain with antiparallel
orientation of the central dipoles (Fig. 2d). The critical value of
s; increases only slightly with decreasing f (Fig. 3a). The impact
of the magnitudes of the dipoles has been examined by
recalculating the configuration space with m,/m, = 1 (Fig. 3b).
From the comparison between configuration spaces, we can
derive that by increasing or decreasing m,/m, moderately, the
critical value of s; (above which coexistence occurs) slightly
decreases or increases, respectively. In any case, the side dipoles
must always be shifted further off-center than the central dipole
(s1 > so) to ensure the coexistence of two stable three-particle
configurations. From the configuration space it can be concluded
that, in this 3sd-particle model, one can observe the coexistence
of the two the stable configurations if the parameters are
chosen appropriately.

The influence of s; and f within the coexistence space is
scrutinized in the following for the case my/m, = 0.5. With
increasing s; the global energy minimum switches from the
ring (Fig. 3a, blue regime) to the staggered chain (black regime).
More specifically, the relative difference of the energy between
both states can be tuned gradually by s; (Fig. 3¢). Which of both
states is the global minimum depends on the sign of the energy
difference. This implies that the stability of the ring can be reduced
in favor of the staggered chain primarily by increasing s;.

Soft Matter, 2016, 12, 2737-2743 | 2739
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Fig. 3 (a) Polar plot showing the configuration space of stable three 3sd-particle clusters as a function of the shift s; of the side dipole (radial axis) and
the angle f (polar axis) with the central dipole fixed at so = 0.6 (orange arrow) for m;/mgq = 0.5. (b) The same as (a) but for m;/mg = 1. (c) Relative difference
between the energy of the ring and the chain as function of s, for various values of f.

Fig. 3c shows that the variation of f results in only a small and
consistent vertical shift of the energy difference. Therefore, s;
acts as major tuning parameter for the energy landscape. Based
on Fig. 3a, we can conclude that the modeling of the presented
capped particles requires a value of s; > 0.76.

In the next step, we investigate the influence of s; and f on
the structure of the three-particle clusters. While the ring has a
unique structure, the staggered chain can assume different
shapes by varying the stagger angle 0 (Fig. 2d). A systematic
understanding is gained by calculating the energy of the
staggered chain versus the stagger angle 0 for various values
of the shift s; and the angle f8, which is presented in Fig. 4. It
can be seen that for s; < 0.76 no energy minimum exists for a
staggered configuration. For larger values of s; a minimum is
found which increases in depth with increasing shift. This is
consistent with the conclusions that we have drawn from Fig. 3.
Further, it can be seen that for a fixed value of § (in each plot),
the stagger angle, at which the energy exhibits a minimum,
decreases only slightly with increasing s;. In contrast, increas-
ing f (among the four plots) results in a significant variation of
the stagger angle.
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Fig. 4 The energy of a staggered chain in arbitrary units as a function of
the stagger angle 6 for various shifts s; of the side dipoles (the vertical
arrow indicates the growth of s; = 0.6; 0.68; 0.72; 0.76; 0.8; 0.84; 0.88;
0.9). The minimum of the potential moves closer to r as the angle of the
side dipoles f (a) = n/5; (b) p = 67/25; () B = 7n/25; (d) p = n/3; increases.
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Fig. 5 Dependence of the stagger angle 0 in the staggered chain as
function of the angle B for various shifts s; (so = 0.6, mi/mg = 0.5). The
grey zone marks the range of stagger angles that are found for the
staggered chains of capped colloidal particles.

The linear dependence of 0 on f in the equilibrium configu-
ration is visualized in Fig. 5 for suitable values of s,. Here, varying
s, causes only small vertical shifts of the linear function. Thus, in
a staggered configuration, 0 is predominantly affected by f. The
comparison of Fig. 5 and the experimentally obtained staggered
chains allows for the extraction of suitable values of f. For
the capped particles, we find experimental values in the range
of 21m/36 < 0 < 23n/36. In Fig. 5, this range is marked by a semi-
transparent grey vertical bar. Taking into account that s; > 0.76,
we can derive suitable values of § = [6m/25...81/25]. Based on
this range, an upper limit of s; can be determined from Fig. 3c.
The relative energy difference should be small since both three-
particle structures are of comparable energy as derived from
their field-induced interconversion (Fig. 1f). Assuming a max-
imum relative energy difference of 10% and f = [67/25. . .87/25]
gives an upper limit of s; < 0.86.

So far, we have demonstrated by analytical calculations that
the proposed 3sd-particle is a suitable model to explain the
coexistence of two distinct self-assembly patterns exhibited by
three capped colloids. Clearly, the model is not limited to the
presented capped particles, but can also be transferred to other
variants with a fixed anisotropic magnetization distribution.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sm02899j

Open Access Article. Published on 21 stycznia 2016. Downloaded on 14.11.2025 07:17:02.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

One alternative is given by Janus-like magnetic hydrogel particles™
with anisotropic distribution of magnetic nanoparticles.**>*
We anticipate that, by using this model, general design recom-
mendations can be derived on how to tune the magnetization
distribution in order to provide a bistability of three-particle
configurations. Moreover, the results obtained here evidence
that a magnetic particle with anisotropic magnetization dis-
tribution can be sectioned into regions with broadly similar net
magnetic anisotropy direction, and that the regions can be
effectively approximated by a single point dipole. The finite
number of dipole interactions between particles enables an analytic
description. The magnetic center of mass of these regions is
determined by the shift parameters s, and s; and the net
magnetization in these regions is given by the parameters m,
and m,. The introduced angle f§ corresponds to the spreading of
the magnetic material in the particle.

Generalization and simulations

In fact, from Fig. 3 and 4 we learn that, in order to obtain a
bistability of compact and staggered local conformations, one
needs a sufficiently broad magnetization distribution (large f)
that is anisotropic (s, not equal to s;). The relative probability
for a staggered or compact three-particle cluster to form (ie.,
the ratio between the two free energies), can be controlled by
changing s;. By increasing s;, the staggered configuration is
preferred, whereas the decrease of s; leads to the dominance of
compact clusters. As a logical consequence, compact structures
become the only stable state if the magnetically functionalized
volume shrinks (f — 0) or if the magnetization distribution is
rather uniform, such that the shift on the sides is not large
enough (s; < so). In addition, if § — 0, so,; — 0 linear head-to-
tail structures would form in the system. To test the conse-
quences of the relative energy on self-assembled structures by
varying s;, we have performed extensive simulations of larger
3sd-particle systems and summarize prototypical clusters in
Fig. 6. While the uniqueness of the ring as a stable state results
in the formation of rather compact clusters (Fig. 6a, s, is small),
the aggregates become more open if the stability of the second,
staggered configuration is increased (Fig. 6b and c, intermediate
and large s;). The stagger angle 6 is growing with f3, as predicted
analytically (Fig. 4). Even though in the experiment we cannot
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directly access the energies of the three particle clusters, by
looking at the simulation snapshots, on the basis of qualitative
visual resemblance with large clusters of capped particles
(Fig. 6d) we can speculate that the system of capped colloids
corresponds to the case depicted in Fig. 6c, i.e. the energy of the
staggered three-particle cluster is lower than that of a compact
ring. For a quantitative analysis, one has to compare the ratio
between the staggered and the compact connections of all
three-particle subunits in clusters obtained from the simula-
tions and the digital microscopy images. The evaluation of such
a quantitative analysis is not straightforward. The occurrence of
one or the other assembly pattern is not a purely stochastic
property that is determined by the energy ratio of both patterns,
but also strongly depends on the relative positions, distance
and orientations of the particles prior to the assembly. The
quantitative analysis, thus, requires an extensive and separate
study of the cluster structure as function of the starting configu-
ration and the particle density. This remains an open task for
continuing investigations.

Methods

Experimental details

A dense suspension of silica spheres with a diameter of d = 4.54 £+
0.45 pm is dropped on a pretreated glass substrate. Via self-
assembly, the particles arrange in densely packed two-dimensional
arrays upon slow evaporation of the suspension solvent under
ambient conditions. A metallic multi-layer sequence consisting
of Pd(1.1 nm)/[Co(0.28 nm)/Pd(0.9 nm)]g/Pd(3.0 nm)/Ta(3.0 nm)
is evaporated onto the particle array via magnetron sputter
deposition.”* Deposition normal to the substrate leads to a
uniform, hemispherical coverage of each particle with the
metallic film. Film deposition leads to a thickness variation
of the particle of less than 0.2%, justifying the assumption that
capped particles are still spherical. The magnetic caps have to
be magnetically saturated after film deposition to ensure the
single-domain state as sketched in Fig. 1a.

The coated particles are re-suspended in distilled water via
sonication. A droplet of 1.5 pl of this particle suspension is
enclosed between two glass slides and sealed with UV glue to
prevent evaporation of the solvent. Due to the density mismatch
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Fig. 6 The influence of s; on the self-assembly in large systems (m;1/mg = 0.5, sg = 0.6 and f = 6n/25). (a) The three particle energy does not exhibit
any local minimum for staggered chain (s; = 0.6). (b) Three particle energy exhibits a local minimum for the staggered chain (s; = 0.8). (c) Three
particle energy exhibits the global minimum for the staggered chain (s; = 0.84). (d) Microscopy image of self-assembled clusters from capped particles

(scale bar: 20 pm).
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the particles sediment. To test the stability of the suspension,
we have first examined demagnetized particles. They form a
stable dispersion in water without coagulation and, thus, the
particles do not require any further surface preparation for
stabilization. This further proves that the presented agglomera-
tion of magnetically saturated particles primarily results from
magnetostatic interactions and other sources such as attractive
electrostatic interactions can be neglected. The sample cell is
studied via video microscopy (Leica DMI3000B transmission
light microscope). The cap orientation is resolved via digital
image analysis with an uncertainty of less than 3°. An electro-
magnetic coil for the alignment of the capped particles is
mounted parallel to the sample cell.

Analytical approach

To calculate the interaction energy of two 3sd-particles, and
to analyze the global and local minima in the systems of three
3sd-particle configurations, we construct analytical expressions.
For two particles, the general form of the interaction potential
can be written as:

View Article Online
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The usage of this thermostat allows us to avoid the explicit
simulation of the carrier fluid. In this approach, the effects of
the thermal fluctuations of the carrier fluid on the colloidal
particles are treated as stochastic terms added to the translational
and rotational equations of motion (for details, see works***® and
references therein). During the simulations, we impose a quasi-2d
geometry by keeping the positions of the centers of all real particles
and virtual sites coplanar, laying in the XY plane. Accordingly, all
translations and rotations are limited to the latter plane. Finally,
besides the dipolar magnetic interactions, the real particles interact
between them with a soft core steric repulsion, given by a WCA
potential.’” In the present study, we do not apply any external
magnetic fields, as the subject deserves a separate investigation.
With these common ingredients, we simulate three different sys-
tems. First, we obtain the equilibrium configurations of systems of
two and three 3sd-particles under open boundary conditions,
calculating the magnetic interactions by direct sum. These simula-
tions provide us with the ground state candidates and make the
analytical calculations feasible. In the second case, we perform the
same kind of simulations for 3sd-particles, whose centers of mass

U2p _ i mm; Z—Z 4 [d COS(ﬁi + l//) + S/Z,:/ — Si] [dCOS(ﬁj + (/7) - Sl'Z,'j + S/]
.5

ij=—1 Fif

where
Zy = cos(p — ¥ — B(i—)));

rg=d>+ s+ P — 28825 — 2d[s;cos(Bi + ) — s;cos(Bf + )]

with the parameters f, m;, s; for i = —1, 0, 1, of the 3sd-model
(Fig. 2a). The interparticle distance is set to d (measured in
particle diameters); the coordinate system origin is placed in
the center of the first particle, the central dipole polar rotation
of which is characterized by angle ¢ (Fig. 1b). The corres-
ponding polar angle of the second particle central dipole is
denoted by . Note that the distance (r;) between any pair of
dipoles depends not only on the shifts or positions of centers of
mass, but also on relative orientations of the particle dipoles. In
order to obtain the ground state for a given separation d of the
centers of mass, the energy in eqn (1) should be minimized
with respect to angles ¢ and .

For three particles, the situation is more complex and we
used the following approach for finding a ground state based on
ref. 16, 25 and 28: we first performed molecular dynamics
simulations to define the ground-state candidates, which turned
out to be a linear chain, a staggered chain and a ring; then, using
the reduced phase space, we could analytically obtain the
energies for these candidates and pinpoint the lowest one. These
analytic expressions for the energies are provided in the ESL¥

Computer simulation details

The numerical investigations consist of three sets of equilibrium
molecular dynamics simulations carried out with the simulation
package ESPResSo0.>” In all cases, a Langevin thermostat is chosen,
with the value of the reduced temperature set to 7% = 1.
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are fixed at a given 0 (Fig. 2d), and only their rotations are allowed. In
this way, we check the analytical results shown in Fig. 4 for the
optimal opening of the staggered configuration. Finally, we simulate
the self-assembly of large systems of 3sd-particles. In this case, in
order to mimic a pseudo-infinite system, we impose lateral periodic
boundaries. For efficient calculations of the magnetic interactions
under periodic boundaries in slab geometry, we chose the dipolar-
p’m algorithm and dipolar layer corrections.>®*® We simulate
systems with different 3sd-particle ground states, as shown in
Fig. 3a. In this way, we check how the equilibrium self-assembly
can be tuned through modifying the parameters of the colloidal
cap. The results are presented in the main section (Fig. 6).

Conclusions

In summary, we have shown that a homogeneous system of
colloidal particles that exhibit rotationally symmetric, anisotropic
magnetization distribution is a suitable system for flexible self-
assembly on the microscale. Experimentally, we have studied the
self-assembly of three magnetic microspheres with hemispherical
magnetic coverage and discovered two symmetrically distinct
connection patterns. We have demonstrated that these two
assembly scenarios are a result of two almost equiprobable
connection patterns that are an inherent property of the particle
system. Further, we have introduced an analytical and simula-
tion model of a 3sd-particle, a spherical particle with three
shifted dipoles. Based on analytical calculations and molecular
dynamics simulations of three interacting 3sd-particles, we
have explained that the observed connection patterns originate
from the shape of the magnetization distribution. The observations

This journal is © The Royal Society of Chemistry 2016
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can be generalized to Janus-like particles that exhibit such an
anisotropic magnetization distribution. Open, extended two-
dimensional structures can self-assemble via only one type of
interactions (e.g. magnetostatic interactions), because of the
coexistence of a linear and a rotational connection pattern. This
opens up unprecedented perspectives in the self-assembly of
microstructures and shows that such a bistability leads to a
drastic increase in the variety of the cluster structures.

Beyond this flexibility, the instantaneous control over the ratio
between both existing assembly patterns might be desirable. Here,
one possibility to interconvert between both assembly patterns of
the three-particle clusters has been presented. We are currently
investigating the possibilities to control the relative occurrence
of both assembly patterns. This can be realized by imprinting a
certain spatial and directional distribution of the single particle
suspension by, e.g., external magnetic fields or geometric
confinements.
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