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Overview: Talk has 2 Parts!

M. Klingikt, R. Weeber, S. Kantorovich, J.Cerda, C.H.  

• Shifted Dipolar Particles 

•  Magnetic Gels 

R. Weeber, S. Kantorovich, C.H. !



How to Tune Soft Magnetic Matter?!
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We can make the 
magnetic nanoparticles 
more complex 
=> Shifted Dipolar colloids 

We can make the 
carrier fluid more 
complex 
=> Magnetic gels 



Outline 1: Magnetic Gels!

 What are ferrogels!
 How can they deform in a magnetic field!
 Model building (trying to follow reality):!
 Some simulational details!
 Model 1: deformation due to chaining!
 Model 2: deformation due to torque 

transmission!
 Summary!
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What are magnetic gels!
 Magnetic nanoparticles embedded in a 

hydrogel!
 Combination of elastic !
and magnetic properties!

Applications: !
 Drug delivery systems!
 Actuators!
 Artificial muscels!
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Shang-Hsiu Hu et al.  



Hydrogels!
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 A polymer network immersed in water!
 Can react to chemical and physical 

environment!
 Used in contact lenses, diapers, drug 

delivery systems!
Water cleanage,!
Templating via !
microgels!



Model Networks!

  Olympic gels!!
  Lattice Networks!
  Endlinked melts!
  Crosslinked melts!



Model Networks!

  Olympic gels!!
  Lattice Networks!
  Endlinked melts!
  Crosslinked melts!

Control over network 
architecture 



Ferrogel Model Network!

diamond-like topology!
Coarse grained representation of a gel!

  Parameters: 
 dipolar interaction strength 
Chain lengths 
Number of magnetic particles 

! !Observables:!
!– !chain’s end-to-end distance <RE

2>!
!– !dipole alignment!
!– !magnetization in a field!
!– !elastic constants !

Model 1:  
An fth  fraction of bead carries a  
magnetic moment 

Model 2:  
Only the network nodes carry a  
magnetic moment 



How can Ferrogels deform?!

  In a field gradient: !
magnetic particles move and deform the 

matrix!
  In a homogeneous field: !
1)  (Model 1) particles align to form 

clusters (chains)!
2)  (Model 2) The rotation of the dipolar 

particle (Brownian relaxation) transmits 
torques onto the matrix!
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Principle of Molecular Dynamics!

Dipolar P3M plus DLC 



Langevin Dynamics Equ. of Motion 

Random forces with zero 
first moment 

Dissipation-Fluctuation 
theorem 



Model 1 (2D)!
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•    magnetic particles 
•    non-magnetic particles 

Diamond lattice, 15 particles per chain, f=1/2 
Harmonic bonds between beads 
Simulated with MD, using direct sum for dipolar 
interaction 
Open boundary, area not fixed 



Model 1 in Magnetic Field!
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In a magnetic field the gel shrinks 

• Elongation parallel to H 
• Shrinking perpendicular to H 

The longer the chain, the 
more the gel shrinks 



Reason for Shrinkage!
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•  Non-magnetic particles are pushed out of the chain 
•  Chains bend to align along the magnetic field lines 



Model 2: Magnetic Crosslinkers!
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•  Polymer network cross-linked with magnetic particles 
•  Polymers are attached to specific binding sites on the 
magnetic nanoparticle 
• Only the node particle reacts to the field, no internode DD 
•  inspired by work of A. Schmidt (Köln) 



 Model 2 in 2D!
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In a magnetic field te chains rolls up 
around the aligning  magnetic particles 
=> The gel shrinks 



Shrinking Mechanism!
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The stress on all chains attached to a magnetic 
partice is the same 
=> The gel shrinks isotropically 

The shorter the chain, the 
more the gel shrinks 



Model 2 in 3D!
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•  Chains attached to surface of magnetic nanoparticle 
•  Simulation initially in NVT ensemble 
•  Volume iteratively changed to reach P=0 equilibrium state 

Diamond Nc=4 Simple cubic Nc=6 



Influence of Magnetic Field!
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•  Rotation around the field axis 
is possible 
•  Rotation around the other axis 
is hindered by the field 

•  Volume kept constant 
•  Higher stress in field 
direction, more contraction 
along this direction 



Shape Change and Magnetization!
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The gel shrinks stronger in field direction 
A very strong field is required to magnetize the sample 
Again shorter chains show stronger contraction 



Summary Magnetic Gels!

 Gels can contract in homogeneous fields 
due to 2 mechanisms!
  Chaining of dipolar particles in close distance!
  Transmitting the induced torque due to 

induced field alignments of the magnetic 
nodal particles that act as crosslinkers for the 
polymer strands!

  Differences in 2 and 3 dimensions (more 
d.o.f)!

22!
R Weeber S. Kantorovich and C. Holm, Soft Matter in press (2012) 



Use of Novel MNP for increasing Complexity!
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Part 2: Shifted Dipolar Particles!

First we discuss only q2D geometries! 



Inspiration from Experiments!
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L. Baraban et al., PRE 77, 031407 
(2008) 

Barabaran et al. observe very 
stable „magic clusters“ with 3, 12, 
(27) particles Chapter 5. Frustration Induced Magic Number Clusters of Colloidal Particles 62

 
Fig. 5.3 Growth of magnetic clusters. (a) Image of the three particles cluster (rotational 

triangle); (b) schematic view of the ordering of macrospins in a rotational triangle. The 

arrangement of the macrospins corresponds to the minimum of energy, because magnetic flux 

in the structure is closed. 

5.3.2 Four particles configuration 

The magnetic configuration of the initial rotational triangle was not affected by the 

further growth of the cluster. Every single magnetic colloidal particle, which is added to the 

previous configuration, ‘looks for’ the position, where the total energy of the cluster will not 

increase essentially. The orientation of the new macrospin is also chosen to minimize the 

total energy of the structure.  

A structure containing four particles is shown in Fig. 5.4. The fourth colloidal particle 

was positioned at a place where the rotational configuration can be created most likely. It 

should be noted that there are three energetically equivalent positions in the triangular cluster 

where the fourth particle can stick and form a rotational configuration. These places are 

shown with red arrows in Fig. 5.4a. However, the formation of the two neighbouring 

rotational triangles does not satisfy the rules of the symmetry (see discussion below, 

Section 5.4.4), provoking the search for another compromise solution. Therefore, the 

magnetic moment of the new particle has a final orientation with an out-of-plane component, 

indicating that a stable configuration, in which all magnetic moments are in one plane, is not 

found. Fig. 5.4b depicts the corresponding schematic view of the arrangement of the 

magnetic moments. The yellow arrow in Fig. 5.4b shows the experimentally observed 

direction of the magnetic moment of the 4th particle and its deviation from the orientation, 

which is predicted by the axes of the symmetry. The shortened length of the yellow arrow 
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Fig. 5.6 (a) A stable structure consisting of twelve particles. Colloidal particles in this cluster 

are close-packed and all their magnetic moments strictly lie in two dimensions. The cluster 

contains six rotational triangles, which are indicated on the image. The pink triangles display 

clockwise and green ones correspond to counterclockwise circulations in the structure; (b) 

arrangement of the magnetic moments in the twelve-particle cluster is depicted. Because the 

magnetic moments are aligned to three axes of symmetry, the three ferromagnetic sublattices 

of macrospins (four particles in each direction) can be considered in the cluster. 

5.4 ENERGY OF THE CLUSTERS 

The stuctures consisting of three and twelve particles are more stable compared to 

clusters containing all other number of particles. Following the terminology, which is used in 

atomic clusters physics [Sol2003], one can call them ‘magic number’ clusters. Obviously, the 

clusters with particles numbers in between three and twelve are less stable. This assumption 

is further supported by considering the pair interaction energies in these clusters. 

5.4.1 Energy of the three particles cluster 

As it was already mentioned in paragraph 5.3.1, counting of the angles ĳ and ș was 

performed in trigonometric (counterclockwise) direction. In a cluster consisting of three 

particles only three pair interactions can be considered. The schematic view of the rotational 

triangle is presented in Fig. 5.7a. It is obvious that the angles ĳ, which show the orientations 

of the magnetic moments with respect to each other, equal to 2ʌ / 3 and angles ș, defining the 

directions of the magnetic moments with respect to the triangular lattice, have identical 

values: ș12 = ș23 = ș31 = -ʌ / 2. The mutual orientation of the magnetic moments in the three 

particle cluster minimizes their pair interaction energies(Eq. 1.3, Chapter 1), which are 
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The stable magic clusters have properties which distinguish them from others. First of 

all they are characterized by the same group of symmetry. All macrospins in magic clusters 

lie in two dimensions and their directions follow the rules of arrangement set by the axes of 

symmetry. In particular, the three-particle cluster represents a low energy vortice-like 

configuration. The other twelve-particle and the twenty seven-particle formations are 

stabilized by six and twelve rotational triangles respectively, with alternating directions of the 

circulation of magnetic flux. Finally, the stable magnetic configurations in clusters are not 

affected by the addition of succesive particles (Fig. 5.11). 

5.5.2 Twenty seven particles cluster? 

Experimentally realised 27-particles cluster is depicted in Fig. 5.13. The arrangement 

of magnetic moments in this cluster and its symmetry coincide with the predicted previously. 

All macrospins of the structure lie in two dimensions, although discrepancies of their 

orientations with the predicted set of axes are found.  

 

 
Fig. 5.13 Magic number cluster consisting of twenty seven particles. Although all macrospins 

in the cluster lie in the same plane, not all of them are properly oriented. The descrepancies 

of the magnetic moments from the expected directions are signed with red circles. A local 

defect in the cluster is pointed by the thick arrow. 

 

These deviations of the directions of the magnetic moments are displayed in the 

Fig. 5.13 by the red circles. Obviously, they appear most likely at the edges of the cluster, 

 



Shifted Dipol Model!
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3.5. THE CONTROL PARAMETERS OF THE SYSTEM 45

Figure 3.5.1: Plot of the ground state energy of two particles versus the shift
parameter ↵. The black solid line is the analytical result and the black data is
the result obtained from the simulations. The ground state energy decreases
very fast with increasing ↵.
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Two-particle ground states!
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3-Particle Clusters!

27!

All simulations presented here were done with the Ex-
tensible Simulation Package for Research on Soft matter
(ESPResSo26,27). In order to simulate the shift of the dipole
we use the so-called virtual sites approach. Virtual sites are
particles for which forces and torques are calculated, but the
positions and orientations at the next time step are not derived
using a standard integration scheme, rather they depend on the
orientations and positions of other non virtual site particles.
For details see27.
In the following section, we will discuss the results of the

simulation in both bulk and quasi 2D systems of sd-particles
with different particle density and various strength of dipole-
dipole interaction.

3 Results and Discussions

3.1 The Ground State Clusters in Q2D and 3D Geome-
tries

In order to analyze the ground states of small clusters, we used
simulated annealing. It means the simulation starts at the tem-
perature T > 0 and than the system is cooled down slowly to
the temperature T = 0.
This is a heuristic scheme, hence it is in principle not guaran-
teed that the algorithm converges to the global energy mini-
mum. However, by running a large number of simulations for
each set of parameters and selecting the result with the low-
est energy, good approximations for the ground states can be
obtained for systems with few degrees of freedom.
Earlier, we presented the results23 of the analysis of the

ground states of small clusters of up to six particles in the Q2D
geometry. For clusters of two and three particles, the dimen-
sionality of the system obviously does not affect the cluster
structures. The main results can be summarised in the follow-
ing two tables. For two particles we proved that there were
three different ground state regimes, depending on α, see Fig.
2 . For small shifts, in the interval 0 < α < 0.408 the con-
figuration with the lowest energy (C2-I, Cluster of 2 particles
in the Ist shift regime) is the one, in which the two magnetic
moments are aligned head-to-tail (see Fig. 2). The total dipole
moment M of the cluster in this case is 2 · m, with m being
the modulus of particle magnetic moment. In the medium shift
range 0.408 < α < 0.597 (C2-II) dipoles start to rotate and
M < 2·m. For shifts larger than 0.597 antiparallel orientation
of the dipoles is the most energetically advantageous (C2-III).
The total dipole moment for such a structure is close to zero.
For three particles, the ground states can be divided into

four groups for various shift ranges, as it is shown in Fig.
3. In the range 0 < α < 0.258 (C3-I) a chain is formed,
where all magnetic moments are in head-to-tail configuration.
From 0.258 < α < 0.799 (C3-II) a triangular structure domi-
nates, where the particles and the magnetic moments form tri-

C2-I C2-II C2-III

α = 0.4 α = 0.55 α = 0.8
0 < α < 0.408 0.408 < α < 0.597 0.597 < α < 1

Fig. 2 Ground states of two sd-particles, the first column shows
snapshots of the first regime, where the magnetic moments have
head-to-tail orientation. The second column shows an example of
the medium shift range, where the moments start to rotate to
minimise the distance between them. The last column shows the
configuration with an anti-parallel orientation of dipoles
corresponding to the high shift.

angles. With increasing the shift parameter 0.799 < α < 0.84
(C3-III) the particle configuration does not change being still
a triangle, but the dipoles assume an up-down-up alignment.
When 0.84 < α < 1 (C3-IV) the symmetry of the ground state
breaks and two particles form an antiparallel pair, whereas the
third moment is orientated almost arbitrary.
For more than three particles, the cluster structures become

C3-I C3-II C3-III C3-IV

α = 0 α = 0.3 α = 0.81 α = 0.85
0 < α 0.258 < α 0.799 < α 0.83 < α

< 0.258 < 0.799 < 0.83 < 1

Fig. 3 Ground states of three particles can be divided into four
regimes, depending on the value of the shift α. They are denoted as
chains, triangles, symmetrical up-down-up, and asymmetrical
up-down-up configuration with one antiparallel pair.

more versatile and depend on the dimensionality of the sys-
tem. For four particles, for example, in q2D, four regimes are
observed, see Fig. 4. In the range of 0 < α < 0.67 rings
are formed (C4-I-q2D). When 0.67 < α < 0.75 (C4-II-q2D)
the cluster contains one C3-II configuration, and the magnetic
moment of the fourth sd-particle points in the direction oppo-
site to its neighboring dipoles. For shifts 0.75 < α < 0.83
the cluster contains a C3-IV configuration, whereas the mo-
ment of the fourth particle keeps its orientation. When α is
larger than 0.83 the cluster is composed by two antiparallel
pairs were all neighboring moments have antiparallel orienta-
tion. Extending the dimensionality of the system to 3D, one
observes a remarkable property of the sd-particles: the ground
state configurations turn out to differ significantly from the

1–13 | 3



Higher Order Clusters!
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α = 0.0 α = 0.67 α = 0.85 



Baraban 3-Particle Cluster!
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↵ ⇡ 0.5
Triangular configuration obsered for wide 
range of 0.258 < α < 0.799"



12-Particle „Magic Cluster“!
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↵ = 0.47

↵ = 0.62

Best „match“ 



27-Particle „Magic Cluster“!
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The stable magic clusters have properties which distinguish them from others. First of 

all they are characterized by the same group of symmetry. All macrospins in magic clusters 

lie in two dimensions and their directions follow the rules of arrangement set by the axes of 

symmetry. In particular, the three-particle cluster represents a low energy vortice-like 

configuration. The other twelve-particle and the twenty seven-particle formations are 

stabilized by six and twelve rotational triangles respectively, with alternating directions of the 

circulation of magnetic flux. Finally, the stable magnetic configurations in clusters are not 

affected by the addition of succesive particles (Fig. 5.11). 

5.5.2 Twenty seven particles cluster? 

Experimentally realised 27-particles cluster is depicted in Fig. 5.13. The arrangement 

of magnetic moments in this cluster and its symmetry coincide with the predicted previously. 

All macrospins of the structure lie in two dimensions, although discrepancies of their 

orientations with the predicted set of axes are found.  

 

 
Fig. 5.13 Magic number cluster consisting of twenty seven particles. Although all macrospins 

in the cluster lie in the same plane, not all of them are properly oriented. The descrepancies 

of the magnetic moments from the expected directions are signed with red circles. A local 

defect in the cluster is pointed by the thick arrow. 

 

These deviations of the directions of the magnetic moments are displayed in the 

Fig. 5.13 by the red circles. Obviously, they appear most likely at the edges of the cluster, 

 

↵ = 0.68 ↵ = 0.53

Magic cluster does 
not corresspond to 
the ground state 



Cluster Size at Room Temperature"
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Cluster at finite Temperature!
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Magnetization Behavior of SD!
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At large field values and large shifts, the clusters of anti-
parallel dipoles break up under the influence of strong 
fields=> reversable self-assembly ! 

Smaller susceptibility 



Susceptibility for λ*=4!
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New Experimental Realisation!

36!

D. Pine group, Magnetic Click Colloidal Assembly J. Am. Chem. Soc. 134, 6112-6115 (2012) 

Magnetic Click Colloidal Assembly
Stefano Sacanna,*,† Laura Rossi,‡ and David J. Pine†

†Center for Soft Matter Research, Department of Physics, New York University, 4-6 Washington Place, New York, New York 10003,
United States
‡Van’t Hoff Laboratory for Physical and Colloid Chemistry, Debye Institute for Nano-materials Science, Utrecht University,
Padualaan 8, 3584 CH Utrecht, The Netherlands

*S Supporting Information

ABSTRACT: We introduce a new class of spherical
colloids that reversibly self-assemble into well-defined
nonlinear structures by virtue of “magnetic patches”. This
assembly is driven by tunable magnetostatic binding forces
that originate from microscopic permanent magnets
embedded underneath the surface of the particles. The
resulting clusters form spontaneously in the absence of
external magnetizing fields, and their geometry is
determined by an interplay between magnetic, steric, and
electrostatic interactions. Imposing an external magnetic
field enables the clusters to unbind or change their
geometry allowing, in principle, the creation of materials
with a reconfigurable structural arrangement.

The self-assembly of colloidal matter into target functional
materials is of both practical and fundamental interest. In

principle, increasingly complex superstructures can be created
from elementary building blocks via a cascade of sequential
interactions.1 Instructions for assembly can be coded in the
particle interaction landscape by altering the shape of the
building blocks2,3 and tuning strength and nature of the forces
acting between them.4−7 In particular, when building blocks
interact by means of discrete binding sites on their surface, a
“colloidal valence” emerges that enables the formation of
stoichiometric assemblies8 typical of atomic systems. Surpris-
ingly, this idea has been explored almost exclusively using
chemical surface patches.7,9−12

There is an important reason to investigate the magnetic self-
assembly of colloidal superstructures: unlike electrostatic and
chemical interactions, magnetic forces are not screened in
solution and are virtually independent of changes in
experimental conditions such as temperature, pH or solvent
composition, thus, giving us significant experimental design
freedom. To date, however, examples of colloidal self-assembly
involving magnetic forces are either limited to simple linear or
circular dipolar structures or rely on the induced magnetization
of paramagnetic particles exposed to external magnetic
fields.2,5,13−15 Designing a rational assembly mechanism based
on magnetostatic interactions requires particles with localized
and well calibrated magnetic dipole moments. The resulting
magnetic forces should be strong enough to bind particles
together only when the magnetic patches are in close proximity
to one another but are not sufficient to cause magnetic
flocculation. Here we demonstrate that such a magnetic binding
mechanism can be realized using iron oxide inclusions buried

just below the particle surface to generate localized permanent
magnetic dipoles.
Our most basic building block consists of an organosilica

polymer sphere with a single hematite micromagnet embedded.
Similar to colloidal Geomag toys, these spheres magnetically
“click” forming directional bonds by means of their magnetic
patches. The synthesis protocol, which is shown schematically
in Figure 1A, starts with the preparation of hematite micro-

cubes following the method described by Sugimoto.16 The
resulting cubes are uniform in size and shape, and posses a
permanent magnetic moment17 as demonstrated by the
formation of dipolar structures in a zero external field (see
Movie 1 and Figure S1 in Supporting Information). Next, the
magnetic cubes are encapsulated into polymerizable silicon oil
droplets as follows: an oil-in-water emulsion is synthesized in
situ via a polycondensation reaction between metastable water-

Received: February 9, 2012
Published: March 27, 2012

Figure 1. Particles fabrication. (A) Schematic diagram showing the
synthetic steps involved in the preparation of particles with a single
magnetic patch. First, monodisperse micromagnets are encapsulated
into polymerizable oil droplets via a seeded dispersion polymerization.
Next, the droplets are grown to the target size and polymerized. (B−
D) Encapsulation and growth can be conveniently followed by optical
microscopy. In the pictures, we show different stages during this
process. (E) False-color SEM image showing the bare micromagnets;
(F) SEM image of the final spherical particles carrying a single
magnetic patch.

Communication

pubs.acs.org/JACS

© 2012 American Chemical Society 6112 dx.doi.org/10.1021/ja301344n | J. Am. Chem. Soc. 2012, 134, 6112−6115



Pine‘s Patchy Colloids!
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soluble silanols to produce insoluble silsesquioxanes that phase
separate nucleating monodisperse droplets as further described
in Sacanna et al.18 Each cube, initially suspended in the water
phase, acts as a nucleation site for the formation of an oil
droplet, thus, producing droplets with a single magnetic
inclusion. A key feature of this encapsulation mechanism is
that, during the phase transfer from water to oil, the cubes are
trapped at the interface by surface tension, thus, leaving one
face of the cube exposed to the water phase. We will refer to
this surface inhomogeneity as “magnetic patch”. In the final
step of our synthesis, a radical polymerization hardens the oil
phase, yielding patchy colloids as shown in Figure 1F. The
nucleation and growth mechanism enables us to control the
droplet’s size with accuracy and produces monodisperse
droplets (polydispersity <5%) which cannot be prepared with
common homogenization methods.
Each magnetic patch has a permanent dipole moment m

whose magnitude is proportional to the volume v of the
embedded cube. Assuming a single domain particle behavior, m
is expressed as m = I0v, where I0 is the spontaneous
magnetization per unit volume of the particle. The maximum
magnetic interaction energy Vm, that two magnetic cubes can
generate, is attained when their dipoles are in a head-to-tail
configuration, and is given by:

= −μ πV m r/(2 )m 0
2 3

(1)

where μ0 is the magnetic permeability of vacuum, and r is the
distance between the centers of two cubes. If we assume I0 =
2.2 × 103 Am−1 for hematite,19 the maximum magnetic
attraction that two patches can generate at contact can be
estimated to be in the order of 400kBT, where T is the
temperature and kB is Boltzmann’s constant. To this attractive
term, an electrostatic repulsion contribution must be added to
account for the negative surface charge that the particles
develop in water. For the simplest case of two flat patches
interacting across a 1:1 electrolyte, we can use the expression
for charged parallel plates:20

= ρλ
ψ − λ⎛
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where A is the area of the patch, ρ is the ionic strength, ψ0 is the
surface potential, λ is the Debye screening length, and h is the
distance between the interacting surfaces. The total potential
energy of two patchy particles was calculated as a function of
the interaction distance at four different ionic strengths (1:1
electrolyte), and it is shown in the Supporting Information.
Because of its short-range nature, the attractive magnetic term
between two patchy particles is generally offset by the long-
range repulsion of their electric double layers. This results in
suspensions of particles that behave as purely repulsive colloids
so the particles exist as singlets, as shown in Figure 2A. The
particles’ charge, however, can be partially screened by adding
salt to the colloidal suspensions. This effectively activates the
magnetic patches promoting the formation of magnetic bonds
between interacting particles (see Movie 2 in the Supporting
Information). Under such conditions, monodispersed clusters
self-assemble in zero field as illustrated by the time-lapse image
sequences of Figure 3A−C. Particle assemblies can be
reversibly unbound by adjusting the salt concentration in the
system, which effectively changes their binding energy (see
Figure S2 in the Supporting Information).

When the particles are confined to a flat surface, their
assembly can also be regulated by means of an external
magnetic field, as illustrated in Figure 2B. In the absence of an
applied field, the particles self-assemble into clusters driven by
magnetostatic interactions between their patches (in Figure 2B,
planar trimers are shown). However, a sufficiently strong
external field, which in Figure 2B is applied perpendicular to
the field of view, can force the magnetic dipoles to change their
orientation via a solid rotation of the whole particle. This
results in adjacent parallel dipoles that repel each other causing
the clusters to unbind. This sudden dipole−dipole repulsion, as
well as the particles rotation that follows the exposure to the
field, is qualitatively captured by Movie 3 in the Supporting
Information.
Because the particles can form magnetic bonds only when

their patches are in a close proximity, steric constraints dictate
the number of particles in a cluster and the cluster shape. We
can define a steric hindrance parameter s = Ac/Ap as the ratio
between the total particle surface area Ac and the active
magnetic patch area Ap. Experimentally, we found that for s >
28 the patchy particles self-assemble exclusively into dimers

Figure 2. Reversible binding. (A) When suspended in deionized water,
the magnetic patchy particles are purely repulsive and only singlets are
observed. However, if the Debye screening length is reduced below 6
nm by means of added salt (here 1.5 mM NaCl), the patches become
“sticky” and particle clusters start forming. (B) Clusters formed at high
salt concentration in zero-field can be disassembled by imposing an
external magnetic field. Here planar trimers diffusing on a glass slide
are quickly exposed to a 30 G field perpendicular to the substrate. The
resulting parallel-aligned dipoles repel each other, causing the clusters
to unbind.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja301344n | J. Am. Chem. Soc. 2012, 134, 6112−61156113
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S. Kantorovich, R. Weeber, J.J. Cerdà, C. H, "Magnetic particles with shifted dipoles“, 
JMMM 323, 1269  (2011),  
M. Klinkigt, R. Weeber, S. Kantorovich, C. Holm, in preparation (2012). 

S. Kantorovich, R. Weeber, J.J. Cerdà, C. H., "Ferrofluids with shifted dipoles: ground 
state structures“ Soft Matter 7, 5217, (2011). 

• the form of ground state clusters changes from chains and 
rings over triangles to structures with antiparallel 
orientation of magnetic moments with increasing shift α"

• the size of clusters is controlled by α, λ�, and φ, whereas 
its structure is dominated by α"

• for large shifts initial susceptibility is lower than the initial 
susceptibility of a Langevin ideal superparamagnetic gas 

• A strong applied field at high shifts can reversibly unbind 
anti-parallel pairs  
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